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ABSTRACT 
Micelles, microemulsions, vesicles, etc. are compartmentalized 
liquids which may show special performance. Chemical and 
biochemical reactions have been reported to be fairly as well as 
extraordinarily influenced under compartmentalized conditions •. 
The combination of a pseudo-biphasic nature, due to the 
existence of microdomains which can be either hydrophobic or 
hydrophilic (case of reversed micelles), and of a perfect transparency 
to light offer extraordinary possibilities such as the possibility of 
solubilizing hydrophobic molecules or that of using 
spectrophotometric methods to probe the appearance of reaction 
products, which would not be possible when similar reactions are 
occurring, as usually, in aqueous/organic biphasic systems. The 
solubilization of chemical substances in micellar particles is mainly 
controlled by their hydrophilic/lipophilic balance (HLB), but it may 
also depend on other more specific interactions of electrostatic or of 
steric nature. 
A large number of reports are available on the chromic acid 
oxidation of organic acids with special focus on mechanisms and 
kinetics of the reactions^. Detailed micellar effect on the redox 
reactions of a-hydroxy acids and chromium(VI) has not been studied 
so far except some reports by Panigrahi^. Therefore, we have made a 
systematic study of the effect of organized assemblies on the 
chromium(VI) oxidation of organic acids. Further, in view of the 
observations of Srinivasan et al.^ that involvement of chromium(IV) 
as an intermediate during chromium(VI) reductions can be confirmed 
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by manganese(II), the role of manganese(Il) in the absence and 
presence of surfactants is also described. A few exploratory 
experiments performed with water-in-oil (w/o) microemulsion systems 
are also included. Glycolic, lactic, malic, tartaric, oxalic and citric 
acids were used as substrates. 
The work in the thesis has been divided into three chapters, 
namely: (i) Chapter 1 - General Introduction; (ii) Chapter 2-
Experimental and (iii) Chapter 3 - Results and Discussion. 
Chapter - 1 comprises of an introduction of surfactants and 
surfactant micelles, microemulsions, pseudo-phase model of micellar 
catalysis, chromic acid oxidation of organic substrates (that includes 
pertinent literature survey of the work performed on kinetic and 
mechanistic studies) and statement of the problem. 
Chapter - 2 contains experimental details. The source and 
purity of various reactants and surfactants are mentioned in this 
chapter. Procedures for the preparations of solutions, kinetic 
measurements and viscosity measurements and determination of cmc 
under the reaction conditions have been detailed. Spectra of the 
reaction products obtained under varying conditions are also 
presented in Chapter - 2. 
Different experimental conditions were adopted by varying the 
concentrations of Cr(VI), Mn(II), organic acids, surfactants (CTAB, 
CPB, SDS) and salts (NaCl, NaBr, NaNOs and Na2S04) to elaborate 
their possible role in the chromic acid oxidation of organic acids 
which are discussed in Chapter - 3. The values of rate constants were 
found to be independent of the initial concentrations of chromium( VI) 
showing a first-order dependence of the rate of reaction on [oxidant]. 
The non-linear dependence of k^ vs. [reductant] indicates second-
order with respect to [reductant] (except with glycolic acid where the 
order is one). It was further observed that the dependence of rate of 
reaction on oxidant and reductants concentrations in presence of 
CTAB or CPB was similar to that of aqueous medium. Therefore, it is 
inferred that the mechanism is the same in both the media. 
The mechanisms which account for all experimental data for the 
oxidation of glycolic acid and of lactic, malic, tartaric, oxalic and 
citric acids are given in the following Schemes. 
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Lactic, malic and tartaric acid oxidations in absence of Mn(II) 
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Lactic, malic and tartaric acid oxidations in presence of Mn(II) 
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For oxalic acid, which is structurally different than the above a-hydroxy 
acids (as it does not contain -OH group), the first two steps in Schemes - 3 
and - 4 should be written, respectively, as: 
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The effect of [CTAB], [CPB] and [SDS] on the rate constants 
for the chromic acid oxidations are presented in Figs I-VI. The 
reactions occurring in the presence of micelles follow Scheme - 5: 
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Values of the second-order rate constants (k^, s"') and binding 
constants (Kg and K^) were obtained using a computer based program 
and are given in Table-1. 
The extent of incorporation and association of a compound at 
the surface or Stem layer of micelles depends upon the electrostatic 
and hydrophobic nature of the substrate. The reductants neither have 
hydrophobic group nor electrostatic moiety (Table-1). Therefore, it 
may not be unreasonable to assume that the micellar catalyzed 
reactions between HCr04' and organic acids probably occur at the 
interfacial region of Gouy-Chapman and Stem layers. Only a few 
reports^ so far appeared which reveal the occurence of some reactions 
at the junctural region of Stem and Gouy-Chapman layers. It may be 
further argued that the reaction passes through chromic-ester 
formation from associated HCr04" and the organic acid: this being the 
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Fig. I : Effect of [surfactant] on the k^ ^ for the oxidation of 
glycolic acid by chromium(VI). Reaction conditions: 
[glycolic acid] = 0.3 mol dm-3, [Cr(VI)] = 2.8 x lO'^ mol 
dm-3, temp. = 50 °C. 
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Fig. I I : Effect of [surfactant] on the k^ for the oxidation of lactic 
acid by chromium(Vl). Reaction conditions: [lactic acid] 
= 0.4 mol dm-3, [Cr(VI)] = 2.8 x lO--* mol dm-3, temp. = 
50 "C. 
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Fig. I l l : Effect of [surfactant] on the k^ , for the oxidation of maUc acid by 
chromium(VI). Reaction conditions: [malic acid] = 0.35 mol dm-
3, [Cr(Vl)] = 2.8 X 10-4 mol dm-3, temp. = 50 °C 
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Fig. IV : Effect of [surfactant] on the k^ for the oxidation of 
tartaric acid by chromium(Vl). Reaction conditions: 
[tartaric acid] = 5.7 x 10-2 mol dm-3, [Cr(VI)] = 2.8 x 
lO--* mol din-3, temp. = 50 °C. 
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Fig. V : Effect of [surfactant] on the k,j, for the oxidation of 
oxalic acid by chroniium(VI). Reaction conditions: 
[oxalic acid] = 5.7 x 10-2 mol dm-3, [Cr(VI)] = 7.1 x 10-4 
mol dm-3, temp.= 50 **C. 
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Fig. VI : Effect of [surfactant] on the k^ for the oxidation of citric 
acid by chroinium(VI). Reaction conditions: [citric acid] 
= 0.3 mol dm-3, [Cr(VI)] = 2.8 x lO'^  mol dm-3, [Mn(II)] 
= 1.4 X 10-3 mol dm-3, temp. = 50 "C 
15 
TABLE - 1 
Kinetc results for the oxidation of organic acids by chromium(VI) in 
CTAB and CPB micelles at 50 °C. 
Organic Structure k^ Kg K^ 
acid (s'^) (mol"^ dm^) (mol"^ dm^) 
Glycolic HO-CHjCOOH 13 (2.4)xl0-3 52(42) 29 (6)a 
Lactic HO-CH-COOH 1.2 (4.4)xl0-2 102(262) 3(1) 
CH3 
Malic HO-CH-COOH 4.7 (4.3)xl0-2 22(121) 3(2) 
CHjCOOH 
Tartaric HO-CH-COOH 4.0 (4.9)xI0-3 422(170) 67(70) 
HO-CH-COOH 
Oxalic COOH 1.2x10-2 462 87 
COOH 
Citric CH2-COOH - 670(122) 8(8) 
HO-C-COOH 
CHj-COOH 
^values in parentheses pertain to CPB micelles 
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main cause for the incorporation of both reactants in the same region 
across the micellar boundary. 
Salts have shown the usual effect on the reaction rates of 
chromium(VI) with the acids. The effect seems to be controlled by the 
nature and concentration of salts in the reaction mixture. Salt effects 
on micellar catalysis are generally considered in the light of its 
competition with substrate molecules which interact with the micelle 
electrostatically and hydrophobically and structural changes which 
occur on salt addition^. 
Effect of temperature on reaction rates was studied to evaluate 
activation parameters (AH* and AS*). The results indicate that the 
reactions show an isokinetic relationship for the catalyzed reactions. 
This indicates that similar transition states are formed and, therefore, 
similar mechanisms are operating in all such reactions. 
The rate content (k j^,) values for the reaction HCr04' + 
reductant in w/o microemulsions are higher in comparison to that 
obtained in the conventional aqueous medium. The results in 
microemulsions, at least, show that the chromic acid oxidation of the 
organic acids, which does not take place at the room temperature 
under the conditions used herein, can be made possible in 
microemulsions: this may be attributed to the extraordinary influence 
towards reaction equilibria and reaction dynamics under 
compartmentalized conditions. 
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CHAPTER - 1 
GENERAL INTRODUCTION 
A. SURFACTANTS AND SURFACTANT MICELLES 
The domain of surface science is perhaps one of the most inter-
disciplinary areas of modem science and technology. Although the 
importance of surface science has been recognized for more than a 
century, it is only during the last few decades that rapid advances in 
the understanding of surface phenomena have taken place. When one 
looks closer to the earth one finds that it is full of objects and that 
each object is surrounded by a surface or an interface. As such, all the 
interfaces can be grouped in five major classes namely gas/liquid, 
liquid/liquid, solid/liquid, solid/gas and solid/solid. Every object is 
surrounded by one or more of these basic five interfaces. All of these 
interfaces have a common property called interfacial tension or 
interfacial free energy. There is a class of compounds called surface 
active compounds (or surfactants) ^ that decreases strikingly the 
interfacial tension or interfacial free energy of these interfaces'-^. The 
lowering of interfacial tension facilitates emulsification of immiscible 
liquids and hence such compounds are also called emulsifiers. 
The study of chemical reactivity at interfaces occupies an 
important place in chemistry'*. Electron transfer, ion transfer, and 
proton transfer at the interfaces between two immiscible phases are 
fimdamentally important in understanding processes such as liquid 
chromatography, phase transfer catalysis, drug delivery problems in 
pharmacology and different phenomena in membrane biophysics. The 
uptake of pollutants by water clouds, an important atmospheric 
phenomenon, involves reactions such as ionization at the water 
liquid/vapor interfaces. The living cell contains a large number of 
particles composed of aggregates of molecules. The particles associate 
to form subcellular bodies such as mitochondria and chloroplast. 
Thus, life processes proceed mainly within complicated assemblages 
of molecules rather than in the free solution (where control of 
reactions would be difficult). A knowledge of chemical behavior 
inside molecular aggregates is essential to the understanding of these 
highly organized biological processes. 
Recently, much efforts are being directed towards the 
utilization of organized media to modify reactivity and 
regioselectivity of products. Among the many ordered or constrained 
systems utilized to organize the reactants, the notable ones are 
micelles, microemulsions, liquid crystals, etc. A fundamental 
understanding of the physics of surfactant organized assemblies 
(SOA's), their unusual properties, and phase behavior are essential for 
most of industrial technologists. 
Surfactants play an important role in many human endeavors 
ranging from very mundane (washing clothes) to very sophisticated 
(microelectronics). Here the following eclectic examples should 
suffice to underscore the importance of surfactants and as we will 
learn more about the behavior of surfactants in solution, more 
interesting applications will emerge. The application of surfactants is 
rapidly increasing in many fields, such as cosmetics, pharmaceuticals, 
paints, and so on. In recent years there has been an increasing interest 
in studying the structure of aggregates as well as physico-chemical 
properties of surfactants {e.g., detergency, solubility, micelle 
formation, and solubilization of substrates) because of their potential 
applications in tertiary oil recovery^, in the fields of chemical kinetics 
as catalysts for chemical reactions^ and biochemistry as a simple 
model for enzymatic reactions^. 
Surfactants are useful because they form aggregated structures 
called micelles. Individual molecules of such materials possess 
hydrophobic and hydrophilic segments. At sufficient concentration in 
aqueous solution, aggregation between hydrophobic segment is 
favored because it excludes water. Micelle formation thus has the 
effect of creating nonpolar regions in a total structure stable in polar 
aqueous solution. Because the nonpolar regions of micelles are able to 
solubilize nonpolar organic materials, solutions of surfactants are able 
to dissolve materials that remain insoluble in pure water. Increasingly, 
micellar solutions in various solvents have become the focus of 
research due to their potential as controllable reaction and biomimetic 
media*. Biochemists also have long been interested in the micelles 
formed by natural compounds such as lipids, as well as in the 
properties of detergents used in extractive and preparative schemes^. 
Surfactants are amphiphilic, organic or organometallic 
compounds. The polar or hydrophilic region of the molecule may 
carry a positive or negative charge giving rise to a cationic or anionic 
surfactant, respectively, or may be composed of polyoxyethylene 
chains as in the case of nonionic surfactants. The nonpolar or 
hydrophobic portion of the molecule is most commonly a flexible 
chain hydrocarbon. The existence of two moieties in the molecule. 
one of which has affinity for solvent and other which is anti- pathetic 
to it, is termed as amphipathy. An exhaustive list of both synthetic 
and naturally occurring surfactants is available. Their preparation and 
properties in general have been given in the excellent monograph of 
Fendler and FendlerlO. 
On the basis of the chemical structures of their molecules and 
the surface active moiety formed through dissociation in polar 
aqueous media, the surfactants have been classified into the following 
four main groups: 
Anionic Surfactants 
Anionic surfactants are those compounds whose active ion is 
negatively charged. These are ionized in solution and the anionic 
components thereby produced show surface activity. Under this 
category of surfactants, alkylbenzene sulfonate continues to be the 
major product along with fatty alcohol sulfonates and fatty alcohol 
ether sulfonates. 
Examples: 
•Linear alkyl benzene sulfonates (LABS): CH3(CH2)nC6H4S03' M+ 
•Primary alkyl sulfate: CH3(CH2)nOS03' M+ 
The examples of anionic surfactants also include petroleum 
sulfonates, alkyl sulfo-succinates, phosphate esters, vinylidene-olefin 
sulfonates, ethoxy carboxylates, fatty alcohols, sulfates, sulfated 
esters, sulfated fats and oils, sulfonic acid salts, alkylaryl sulfonates, 
sulfocarboxylic acids and their derivatives. 
Cationic Surfactants 
In these surfactants, the active group is positively charged. The 
major compounds in this category are quaternary ammonium salts 
which are used for various purposes. 
Examples: 
•Quaternary ammonium salts: CH3(CH2)4N"'' (CH3)3X" 
•Aliphatic amines: CH3(CH2)N+ H3X" 
Nonionic Surfactants 
The active groups available in these surfactants are neutral in 
charge. This category continues to be dominated by ethylene oxide 
adducts of alkylphenols and fatty alcohols. 
Examples: 
•Alkyl phenol ethoxylates: CH3(CH2)mC6H4(CH2-CH2-0-)n-OH 
•Fatty alcohol ethoxylates: CH3(CH2)n,(CH-CH2-0)n-OH 
•Fatty acid ethoxylates (PEG Esters): CH3(CH2)niCO(CH2-CH2-0-)n-
OH 
• Polypropylene oxide-polyethylene oxide block copolymer: 
H-(CH2-CH2-0.)n-(CH3-CH-CH2-0-)m-H 
Other esters which act as nonionic surfactants include fatty acid 
sorbitan ester, fatty acid glyceride ethyloxalate, ethoxylated natural 
oil and fatty acid sucrose ester. 
Amphoteric Surfactants 
Amphoteric or zwitterionic surfactants have anionic and 
cationic hydrophilic groups in the same molecule. Amphoterics serve 
as anionic surfactants in alkali, as cationic in acid solution and as 
anionic in neutral solution, e.g., 2-alkyl-2-imidazolin, betaines and 
amino acid derivatives of lecithin. 
Examples: 
* N-dodecyl-N.N-dimethyl betain: Ci2H25N+(CH3)2CH2COO" 
* 3-(dimethyldodecylammonio) propane-1-sulfonate: 
CH3(CH2)nN+(CH3)2CH2-CH2-CH2S03-
* C-Alkyl betaines: R-CH-N(CH3)3 
COO" 
Upon dispersion in water, hydrocarbon segments of surfactant 
molecules tend to minimize water exposure and thus prefer to self-
aggregate and organize closely. The force that drives this aggregation 
is entropic in origin and facilitates the release of 'structured' water 
molecules^ 1. But while the hydrocarbon chains pack closer to 
minimize water contacts, the polar head groups of identical charge 
tend to stay away from each other as a result of electrostatic 
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repulsions and extensive group hydration. In a micellar aggregate, 
thus, an equilibrium distance between the polar heads is maintained as 
a result of compromise between two opposing tendencies. 
Micelles do not exist at all concentrations and temperatures. 
There is a very small concentration range below which aggregation to 
micelle is absent and above which association leads to micelle 
formation. This concentration is called critical micelle concentration 
(cmc). The cmc is a fundamental characteristic of a surfactant-solvent 
system. The phenomenon of aggregation has also been observed in 
non-polar solvents wherein the aggregates are referred to as inverted 
or reverse micelles. In fact, the ability of surfactants to perform 
various novel functions is related to their interfacial and aggregation 
properties in a solvent system. 
The well-defined, but not abrupt changes in physical properties 
(surface tension, conductivity, electromotive force, etc.- Fig. 1.1) are 
attributable to the association of the surfactant monomers forming 
aggregates or micelles. This change occurs over a narrow 
concentration range rather than at a precise point and the magnitude 
of this range depends on the physical property being measured. The 
discontinuity in the property of the solution can be used to identify 
the cmc. Some other techniques which have been developed to 
determine the cmc include dye solubilization ^ 2,13^  water 
solubilization 14^  NMRJ5,16 gjc. Different experimental methods 
available for determining the cmc are listed in the compilations of 
Shinoda et alA'', Elworthy et alA^ and Mukerjee and Mysels^^. The 
cmc 
oo*^*^* 
Surfactant Concentration 
Fig. 1.1 : Variation of physical properties with surfactant 
concentrations. 
10 
structure of a noimal micelle in aqueous medium at concentrations not 
too far above the cmc and in absence of additives that are solubilized 
by the micelle can be considered to be roughly sphericaPO with an 
interior region containing the hydrophobic groups of the surfactant 
molecules, of radius approximately equal to the length of a fully 
extended hydrophobic group, surrounded by an outer region 
containing the hydrated hydrophilic groups. Partial molar volume 
determinations indicate that the alkyl chains in the interior of the 
micelle are more expanded than those in the normal liquid state^l. 
The hydrocarbon core of the micelle is probably liquid like, in view of 
the solubility of water-insoluble and oil-soluble materials inside the 
micelles, and the similarity of their heat capacities22 and 
compressibilities^^ with those of liquid hydrocarbons. A schematic 
two-dimensional representation of an ionic spherical micelle is shown 
in Fig. 1.2. In ionic micelles, the surface potentials are high24,25 and 
relatively small counterions and the charged head groups are located 
in a compact region, known as the Stem layer24,26 which extends 
from the outer surface of the core to within a few angstroms of the 
shear surface of the micelle. The compactness of the Stem layer is 
responsible for the reduction of the net charge on the micelle. Most of 
the counterions, are, however, located outside the shear surface in the 
Gouy-Chapman electrical double-layer where they are completely 
dissociated from the charged aggregate and are able to exchange with 
ions in the bulk of the solution. 
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Shear surface 
Gouy-Chapman loyer 
Fig. 1.2 : Model of a typical ionic micelle showing the locations of 
head groups(O), surfactant chains ('^^) and counterions 
(x). Curved arrows symbolize the liquid-hydrocarbon-like 
nature of the core. 
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Effect of Salts on Critical Micelle Concentration 
The addition of salts decreases the cmc of ionic surfactants, 
while the micelle size increases. For non-ionics, the addition of salts 
slightly decreases the cmc and further increases it at higher salt 
concentrations. Non-electrolytes like urea and its derivatives (which 
are generally believed to be water-structure breakers) increase the cmc 
of ionic and non-ionic surfactants2'7,28 
Aggregates with charged surfaces bind counterions selectively, 
and their solution properties such as aggregate size and shape, phase 
stability, the binding of ions and molecules, and their effects on the 
rate and equilibria of chemical reactions are sensitive to counterion 
concentration and type^' 29-36 Counterions are "bound" primarily by 
the strong electrical field created by the head groups but also by 
specific interactions that depend upon head groups and counterion 
type. 
B. MICROEMULSIONS 
The word microemulsion was originally proposed by J.H. 
Schulman and co-workers in 1959^7, although the first paper on the 
topic dates from 194338. They prepared a quaternary solution of 
water, benzene, hexanol, and potassium oleate, which was stable, 
homogeneous, and slightly opalescent. These systems became clear by 
the addition of a medium chain alcohol. In the years between 1943 
and 1965, Schulman and co-workers described how to prepare these 
13 
transparent systems37-46 jhe summary of the basic observation is 
that: when a cosurfactant is titrated into a coarse emulsion (composed 
of a mixture of water/surfactant in sufficient quantity to obtain 
microdroplets/oil), the result may be a system which is low in 
viscosity, transparent, isotropic, and very stable. The titration from 
opaque emulsion to transparent solution is spontaneous and well 
defined. It was found that these systems are made of spherical 
microdroplets with a diameter between 60-800 angstroms. It was only 
in 1959 that Schulman proposed to call these systems microemulsions: 
previously, he used the terms such as transparent water and oil 
dispersions, oleopathic hydromicelles, or hydropathic oleomicelles. 
In order to obtain spontaneous microemulsion formation, the 
selection of the primary surfactant and cosurfactant and the right 
procedure capable of favoring redistribution between phases is 
important. Rosano et al.^^ have stressed that spontaneous formation 
of these dispersed swollen micelles is not dependent on simple 
thermodynamic stability, but rather- atleast in part -on the 
occurrence of kinetic conditions favorable to the dispersion of the 
dispersed phase into the oil- water system. 
Many different combinations of surfactants, non-polar solvents 
and water form microemulsions. Among the most extensively studied 
systems are those containing an ionic surfactant, a medium-chain 
length alcohol as cosurfactant, water, a hydrocarbon and salt. 
Microemulsions typically require 6-8 and 8-14 wt % surfactant and 
cosurfactant, respectively^^. The state of the surfactant-rich film 
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separating oil and water domain in a microemulsion is important. The 
structure and curvature of the film are governed by geometric and 
electrostatic effects^^. 
Morphological changes in microemulsion systems upon dilution 
with water have been shown by using fluorescence techniques-''^. The 
internal bending energy determines the self-organization of 
microemulsion globules into spherical, cylindrical and lamellar 
phases^l. The transition from an inverted micellar solution at low 
water content, to microemulsion at high water content, in a water-in-
oil microemulsion system has been studied by vapor pressure 
measurements^2 ^^ ^jgh water content the existence of a dynamic 
equilibrium between the breaking and re-forming of the droplets was 
suggested^3 
In the last few years many authors have studied the structure, 
dynamics and interactions of microemulsions^^"^!, mainly because of 
some of their applications, and particularly because the 
microemulsion droplet can be considered as a microreactor where 
certain chemical reactions take place within the very small domain 
provided by the droplet. In this way, a suitable control of the size of 
the droplet regulates the growth process of particle and polymer 
formations'^ On the other hand, many enzymes can be solubilized in 
the polar core of w/o microemulsion with the added advantage of the 
enzyme being dispersed in a monomeric form rather than an enzyme 
cluster'^. Finally, microemulsions have recently been used to perform 
separations and purifications63,64 
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The transparency of the system implies that the characteristic 
length scale of the microemulsion is much shorter than that of the 
wavelength of light, generally in the range of tens to hundreds of 
angstroms. This microscopic length scale is the reason why the system 
is named a microemulsion; it also allows the system to maintain 
stability under the influence of gravity. Due to the nature of the 
delicate balance of the interactions between the various incompatible 
components in this single-phased system, one observes a myriad of 
rich phase behavior and unusual properties within a narrow range of 
thermodynamic and composition variables. It turns out that many of 
the useful applications of the microemulsion are due to this intrinsic 
complexity of its nature, and the presence of large internal interfacial 
areas. There are many other areas of applications such as micellar 
catalysis, lubrications, waste water treatment, rust inhibitors, 
pharmaceuticals, cosmetics, just to name a few. At the same time 
microemulsions also provide new opportunities for basic scientific 
studies. 
An immediate consequence of the application of 
microemulsions as molecular scale reactors is the interest in kinetic 
effects associated with this possibility. The presence of the droplets 
can enhance or retard chemical reaction rates by large factors65-72 
The kinetic studies have shown the convenience of selecting 
particularly suitable reaction systems that will allow one to discern as 
well as possible the effect of the microemulsion itself rather than of 
other concurrent factors. 
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C. PSEUDOPHASE MODEL OF MICELLAR CATALYSIS 
Hartley^^ analyzed micellar effects on equilibria, and showed 
that anionic micelles increased, and cationic micelles decreased, the 
protonation of indicator bases. He rationalized this behavior in terms 
of the ability of micelles to incorporate a nonionic indicator, and 
depending on the micellar charge, to attract or repel hydrogen ions. 
The same rationalization can be applied to the effects of ionic 
micelles upon rates of reactions of nonionic substrates with ionic 
reagents. 
Much later, in 1959, Duynstee and Grunwald^'* showed that 
anionic surfactants inhibit while cationic surfactants enhance the rate 
of alkaline fading of some triphenylmethane dyes and sulfophthalein 
indicators. This seminal paper marked the beginning of the still 
rapidly growing fie^d of micellar catalyzed reactions. Initial work 
focused on micelle catalyzed reactions as models for enzyme 
catalyzed reactions ^ 0 but the field expanded rapidly to include 
micellar induced regio-and stereo-selectivity, and photochemistry, 
focused in part on energy storage and conversion and artificial 
photosynthesis^'^5-80 Early experiments were carried out primarily in 
dilute aqueous solutions of ionic micelles but recent work includes the 
effect of microemulsion^^ reverse micelles^^ monolayers'^ ^nd 
vesicles'4 Progressively more sophisticated quantitative treatments of 
micellar effects on reaction rates and equilibria developed over the 
same time period. Chaimovich and coworkers showed that the 
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pseudophase ion exchange model provides a unified approach for 
interpreting many of these effects^^. 
The early observations on micellar effects upon reaction rates 
and equilibria showed that it was useful to consider the water and the 
micelles as if they were separate phases, and to assume that reaction 
could occur in the water and micellar pseudophase^''^•^^"^*. For 
example, when the saponification of carboxylic esters was examined 
in solutions of cationic surfactants it was found that the catalysis 
increased with increasing hydrophobicity of the ester, i.e., with 
increasing substrate incorporation in the micelle. (Incorporation of 
different solutes in micelles depends on their interactions with the 
micelle relative to those with water). A similar pattern was found for 
inhibition by anionic micelles which increased with increasing 
hydrophobicity of the esters. 
Micellar solutions are macroscopically homogeneous, but the 
total volume of the uniformly distributed dynamic aggregates of 
surfactant monomers is assumed to act as a separate phase, the 
micellar pseudophase, of constant properties^^'^O Pseudophase 
formation begins at the critical micelle concentration, and all 
additional surfactant forms micelles with the monomer concentration 
remaining constant and equal to the cmc. 
The reaction site within the micellar pseudophase is assumed to 
be the Stem layer. A number of studies indicate that micellar bound 
substrates, usually polar organic molecules, are in an environment of 
moderate polarity similar to that of ethanol and not the non-polar 
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environment expected for the hydrocarbon core8-10>86 Finally, the 
distribution of all reactants between the two-phases is always at 
equilibrium because their diffusion rate is orders of magnitude faster 
than the rate of reaction^. 
Micellar effects upon reaction rates and equilibria have 
generally been discussed in terms of the pseudophase model, and this 
approach will be followed here. The model aids in the interpretation 
of the catalytic activity of functionalized micelles used as models for 
enzymatic sites^l and is applicable to the effects of reverse micelles, 
microemulsions, and vesicles on reaction rates and equilibria. 
Provided that equilibrium is maintained between the aqueous 
and micellar pseudophases (designated by subscripts w and m) the 
overall reaction rate will be the sum of rates in water and the micelles 
and will therefore depend upon the distribution of reactants between 
each pseudophase and the appropriate rate constants in the two 
pseudophases. Early studies of reactivity in aqueous micelles showed 
the importance of substrate hydrophobicity in determining the extent 
of substrate binding to micelles; for example, reactions of a very 
hydrophilic substrate could be essentially unaffected by added 
surfactant, whereas large effects were observed with chemically 
similar, but hydrophobic substrate ^ ,^86,92 
Ester saponification was a favored reaction for this type of 
study, because the hydrophobicity of the acyl moiety could easily be 
controlled by increasing the length of an n-alkyl group, and 
saponification of p-nitrophenyl n-alkanoates could be followed with 
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very dilute substrate. Substrate concentration is an important factor, 
because provided that it is kept low it is reasonable to assume that the 
micelle structure is relatively unperturbed. 
Menger and Portnoy^^ developed a quantitative treatment which 
adequately described inhibition of esters saponification by anionic 
micelles. Micelles bound hydrophobic esters, and anionic micelles 
excluded hydroxide ion, and so inhibited the reaction, whereas 
cationic micelles speeded saponification by attracting hydroxide 
ion 75 
Provided that only substrate distribution has to be considered, 
which is the situation for micelle-inhibited bimolecular, or 
spontaneous unimolecular, reactions. Scheme -1.1 describes substrate 
distribution and reaction in each pseudophase^^. 
Dn + K 
k\ 
w 
Kc 
-> products<-
m 
k' 
m 
Scheme - 1.1 
In Scheme - 1.1, DQ denotes micellized surfactant, S is 
substrate, subscripts w and m denote aqueous and micellar 
pseudophases, respectively, and k'^ and k'^ are first-order rate 
constants. The binding constant. Kg, is written in terms of the 
molarity of micellized surfactant, but it could equally be written in 
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terms of the molarity of micelles. The two constants differ in 
magnitude by the aggregation number of the micelles. 
The concentration of micellized surfactant is that of total 
surfactant less that of monomer which is assumed to be given by the 
critical micelle concentration (cmc). The overall first-order rate 
constant ky^ is then given by (i.i). 
k'w + ^'m Ks([D] - cmc) 
•^u; 
1 + Ks([D] - cmc) 
k'^ + k'n, KsD„ 
(1.1) 
1 + KsD„ 
This equation is formally similar to the Michaelis-Menten equation of 
enzyme kinetics, although the analogy is limited because most 
enzymic reactions are studied with substrate in large excess over 
enzyme. Eq. (1.1) could be rearranged to give (1.2) which is formally 
similar to the Lineweaver-Burk equation, and which permits 
calculation of k'^ and Ks, provided that k'^ , is known75,92 
1 1 
(1.2) 
(ky|/ - k ^ ) (km- k\) (k'^ - k'^) KgDn 
Eqs. (1.1) and (1.2) depend on some major assumptions, in 
particular that the cmc gives the concentration of monomeric 
surfactant and that rate and binding constants in the nricellar 
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pseudophase are unaffected by reactants and products. These 
equations have been used very extensively and provided the basis for 
quantitative analysis of micellar rate effects. 
Two other general ways of treating micellar kinetic data should 
be noted. Piszkiewicz94 used equations similar to the Hill equation of 
enzyme kinetics to fit variations of rate constants and surfactant 
concentration. This treatment differs from that of Menger and 
Portnoy92 in that it emphasizes cooperative effects due to substrate-
micelle interactions. These interactions are probably very important at 
surfactant concentrations close to the cmc because solutes may 
promote micellization or bind to submicellar aggregates. Thus, eq. 
(1.1) and others like it do not fit the data for dilute surfactant, 
especially when reactants are hydrophobic and can promote 
micellization. 
Katiyar and coworkers^^ have also developed equations which 
attempt to take into account the way in which reactant interactions 
affect reactivity in micelles. However, most workers have followed 
the original formalism despite its approximations. 
As applied to micelle-inhibited reactions, eqs. (1.1) or (1.2) 
showed that micelles could bind hydrophobic solutes very strongly, 
consistent with the results of direct measurements. The binding 
constants of nonionic solutes to micelles can be measured directly 
by gel-permeation chromatography, by ultrafiltration or by 
solubilization J 0'86,96,97 ju favorable cases spectral shifts on 
incorporation of solutes into micelles are large enough to allow 
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measurement of Ks^^. Direct measurement is not feasible with very 
labile solutes but there is impressive agreement between direct and 
kinetic measurements of substrate binding, which justifies the use of 
eq.( l . l ) . 
Eq. (1.1) is generally used to estimate the rate constant, k'^, in 
the micellar pseudophase, but for inhibited bimolecular reactions it 
provides an indirect method for estimation of otherwise inaccessible 
rate constants in water. Oxidation of a ferrocene to the corresponding 
ferricinium ion by Fe(IlI) is speeded by anionic micelles of SDS and 
inhibited by cationic micelles of cetyltrimethylammonium bromide or 
nitrate^^. The variation of the rate constants with [surfactant] fits the 
quantitative treatment described below. Oxidation of ferrocene by 
ferricyanide ion in water is too fast to be easily followed kinetically, 
but the reaction is strongly inhibited by anionic micelles of SDS 
which bind ferrocene, but exclude ferricyanide ion. Thus reaction 
occurs essentially quantitatively in the aqueous pseudophase, and the 
overall rate depends upon the rate constant in water and the 
distribution of ferrocene between water and the micelles. It is easy, 
therefore, to calculate the rate constant in water from this micellar 
inhibition. 
Eqs. (1.1) and (1.2) generally fail for bimolecular, micelle-
assisted reactions. Eq. (1.1) predicts that the first-order rate 
coefficients should reach a constant, limiting value at high surfactant 
concentration when the substrate is fully micellar bound, but rate 
maxima are observed for the corresponding nonsolvolytic bimolecular 
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reactions. The rate-surfactant concentration profiles can be treated 
quantitatively by taking into account the distribution of both reactants 
between water and micelles. This can be done by extending (1.1), and 
a simple formalism involves writing the first-order rate constants k'^ 
and k'm in terms of second-order rate constants in water and micelles, 
and reactant concentrations in each pseudophase^^'^^^'^^^. However, 
one immediately runs into the problem of defining concentration in 
the micellar pseudophase. One approach is to write concentration in 
terms of moles of reagent per dm^ of micelles, or to assume some 
volume of the micellar pseudophase, V^^ , in which reaction takes 
place. The problem is similar to that of comparing second-order rate 
constants, written conventionally in the dimensions mol"^ dm^ s'^, for 
a variety of solvents. The comparisons are completely different if 
concentrations are written in terms of molarities or mole fractions. 
Another approach is to define concentration in the micellar 
pseudophase in terms of a mole ratio. Concentration is then defined 
unambiguously, and the equations take a simple formes. 104.105 
However, this approach does not allow direct comparison of second-
order rate constants in aqueous and micellar pseudophases and by 
evading one problem one faces another. 
Scheme - 1.2 shows reaction between the substrate, S, and 
nucleophile, N (or any second reactant). The second reactant is 
generally 
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nD D + S 
n w 
K N, 
m 
w "Sn 
—> products-^  
N 
m 
Scheme - 1.2 
in large excess over the substrate establishing pseudo-first-order 
conditions. The first-order rate constants are written in (1.3) and (1.4) 
as second-order rate constants, k^ and k^ ,^ for reaction of reagent, N, 
where the mole ratio m^^ = [Nn,]/Dn. (Here, and elsewhere, the 
quantities in square brackets denote molarity in terms of total solution 
volume, which is approximately that of the aqueous pseudophase.) 
(1.3) 
(1.4) 
K j u 
1 + Ks [DJ 
(1.5) 
kw[Nw] + k^ Ks [N J 
1 + Ks [D„] 
(1.6) 
By combining (1.1), (1.3) and (1.4), expressions (1.5) and (1.6) 
are obtained. These, or similar, equations readily explain why first-
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order rate constants of micelle-assisted bimolecular reactions typically 
go through maxima with increasing surfactant concentration if the 
overall reactant concentration is kept constant. Addition of surfactant 
leads to binding of both reactants to micelles, and this increased 
concentration increases the reaction rate. Eventually, however, 
increase in surfactant concentration dilutes the reactants in the 
micellar pseudophase and the rate falls. This behavior supports the 
original assumption that substrate in one micelle does not react with 
reactant in another, and that equilibrium is maintained between 
aqueous and micellar pseudophases. 
Eqs. (1.5) or (1.6) and others which are essentially identical but 
are written in different ways, can be applied to bimolecular micelle-
assisted reactions provided that the distribution of both reactants can 
be determined. 
In some cases the problem is relatively simple. For example 
the binding of organic, nucleophilic anions, e.g. aryloxides or 
areneimidazolide anions, can be estimated from the spectral shifts 
which occur when the ion is transferred from water to 
micelles98,106,l07 Estimation of the extent of micellar binding 
becomes a non-problem if the organic ion is very hydrophobic, 
because then it is completely micellar bound under essentially all 
conditions^ OO Perhaps for this reason, there are many examples of 
good fits between experimental rate constant-[surfactant] profiles and 
those calculated using (1.5), (1.6) or equivalent expressions. 
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D. CHROMIC ACID OXIDATION OF ORGANIC SUBSTRATES 
Hexavalent chromium in many different compounds, is a well 
established carcinogen and mutagen'08,109 There is, therefore, 
appreciable interest in determining the mode of action of chromium 
species derived from initial chromium(VI) compounds taken into the 
body'^O. Epidemiological and animal studies, as well as in vitro 
mutagencity assaysm, indicate that chromium(VI) compounds pose 
serious dangers to biological systems, whereas chromium(lll) 
compounds are relatively nontoxic. An uptake-reduction model has 
been proposed to explain this phenomenon''2 Chromium(VI) crosses 
the cell membrane and oxidizes cellular components in a process 
which leads to cellular damage, including interference with the 
genetic machinery. The chromium(III) produced intracellularly upon 
reduction of chromium(VI) binds to macromolecules, e.g., DNA and 
protein, or small molecules, e.g., glutathione and nucleotides, thereby 
interfering with their normal cellular function. 
Many small molecules found within the cell are redox active 
and should be able to reduce chromium(VI) based on their redox 
potentials. These compounds may be important to the cellular 
metabolism of chromium(VI). Extrapolation to pH 7.4 using the 
Nemst equation gives a redox potential of +0.52V for the 
chromium(VI)-chromium(III) half reaction" 3; 
Cr042- + 4H2O + 3 e- = Cr(0H)3 + 50H- (1-7) 
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However, most studies of chromium(VI) oxidations of small 
molecules have been carried out under acidic conditions 1^ .^ Until 
now, the major co-ordination sites involved in chromium binding in 
natural systems have been found to be hydroxyl and thiol donors, 
which form stable esters with chromate and stabilize 
chromium(V) intermediates after further interaction with biological 
reductants^^^"'^^. Be it the strong interaction of chromium(VI) with 
the genetic material, its long and successful use as an oxidizing agent, 
or a versatile oxidation reactant of organic substrates, the chromium 
chemistry has since long been drawing special attention. 
A large number of investigations have been directed towards 
understanding the mechanism of chromic acid oxidation of organic 
substrates. All available information indicates that chromium(VI) is 
a very strong oxidant which will react very rapidly with any available 
reducing agent. This conclusion is based both on kinetic studies and 
on the high value of the oxidation potential estimated for the 
chromium(IV)/ chromium(III) couple. 
The oxidations generally fall into two classes characterized by 
initial reduction of chromium(VI) to chromium(IV) by two-equivalent 
substrates'*^ and initial reduction of chromium(VI) to chromium(V) 
by one-equivalent substrates''^ Particular interest has been shown 
regarding the intermediate oxidation states of chromium, 
chromium(V) and chromium(IV), and specially on their role in the 
process of chromium(VI) reduction''"^^ 119 Their formation as 
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intermediates was predicted long ago*^^ but because of their high 
reactivity and low kinetic stability no direct evidence for their 
existence was available for a long time. Firstly, Kon'20.121 and 
Garifianov and Usacheval22 used EPR to study some chromium(V) 
complexes both at liquid nitrogen and room temperatures. Later, 
Garifianovel23 showed that using EPR it is possible not only to 
identify chromium(V) complexes but also to study their structure 
without preliminary isolation and purification. Chromium(V) thus 
plays an important role in chromic acid oxidation^24,l25 
The first careful and detailed investigation into the mechanism 
of chromium(VI) reduction was provided by Westheimer and 
Novickl26 using isopropyl alcohol as substrate. Studying the 
chromium(VI) reduction in water-acidic medium they suggested that 
the first step of chromium(VI) reduction is an ester formation between 
the chromate and substrate, which is in fact a complexation of 
chromium(VI) by the substrate(S). 
O 
^ . _ ? P^ 0-^-QH + HO-CH-CHj ^ = ^ o - ^ - Q - i i - C H j + H2O 0 8) 
O 
or 
.VI Q(VI) +S ^ = ± [Cr^'-S] 
Later, the chromium(VI) complex formation was confirmed 
spectrophotometrically for many organic^27-137 and inorganic 
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substrates 138-150 Klaning and Symonsl^l have studied the 
complexation of chromates with different alcohols and have shown 
that complex formation is connected with the appearance of a new 
band (A. = 450 nm) in the visible spectrum, assigned to a charge 
transfer from oxygen to chromium. 
The Westheimer mechanism is also accepted for the oxidation 
of some other substrates 1^ 2-155 
It should be noted, however, that the chromium(VI) reduction 
might also proceed in systems where no Cr^^-S formation takes 
place. Thus oxidation of many hydrocarbons and ethers by 
chromium(VI) can proceed although no evidence for any complex 
formation has been found ^ 25. 
Rocekl56,l57 has offered an alternative to the Westheimer 
mechanism (Scheme 1.3) showing the appearance of free radical 
formation as a result of one-electron redox steps realized in the course 
of overall chromium(VI) reduction. In order to explain these 
experimental facts both one-and two-electron processes were included 
in the Scheme. 
Cr(VI) + S > Cr(IV) + product (1.9) 
Cr(IV) + S > Cr(III) + R (1.10) 
Cr(VI) + R > Cr(V) + product (1.11) 
Cr(V) + S > Cr(III) + product (1.12) 
Scheme - 1.3 
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This mechanism is widely accepted for the oxidation of 
aldehydes, primary, secondary and tertiary alcohols in water-acidic 
medium by chromium(VI)^33'15'*'l^^"^^^. The numerous mechanistic 
studies, however, do not show direct evidence for the fate of the 
intermediates (free radicals, chromium(IV) and chromium(V) species) 
and the sequence of their formation. In order to obtain additional 
information on the mechanism and reactivity of the chromium(IV) and 
chromium(V) species chromium(VI) oxidation in water-acidic medium 
in the presence of some transition metal ions (vanadium(IV), 
cerium(III))16^'1^6'l^^"l^9 was studied. The authors succeeded in 
studying the chromium(IV) oxidation separately, as on the basis of 
experimental evidence, and with the conditions studied, chromium(VI) 
and chromium(V) do not react with the substrate. The kinetic data 
indicate the significant difference in the oxidative action of 
chromium(IV) and chromium(V) in water medium. Chromium(IV) is 
supposed to be highly effective in oxidation processes connected with 
C-C cleavage, while chromium(V) is believed to be responsible 
mainly for breaking of C-H bonds. In recent years the Scheme - 1.3 
mechanism has been widely accepted as the correct mechanism 
for the chromium(VI) oxidations of many organic compounds *^0"l^^. 
A new class of oxidation-reduction processes between 
chromium(VI) and organic substrates were found by Rocek's 
group 167,190-204 in which chromium(VI) is reduced directly to 
chromium(IIl) in the rate-limiting step of the reaction. These three-
electron oxidations require the participation of an oxidizable bidentate 
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ligand, e.g., oxalic acid or an a-hydroxy acid. In the examples studied 
so far, three-electron oxidations involved the oxidation on either four 
functional groups, as in the second-order oxidation of oxalic acid'^^ 
Cr(VI) + 2(C02H)2-^ Cr(III) + 3C02 + c b j H (1.13) 
or 2-hydroxy-2-methylbutyric acid'^^ 
CH3 
Cr(VI) + 2CH3CH2CCO2H > Cr(ni) + 2CH3CH2COCH3 + CO2 + CO2H 
OH 
(1.14) 
or on three functional groups as in the cooxidation of alcohols with 
oxalic acid ^ ^0-1^1 or hydroxy acids *^ '^^ ^^-
Cr(VI) + R2CHOH + (C02H)2 -> Cr(III) + R2CO + CO2 + C62H 
(1.15) 
Cr(Vl) + R2CHOH + HOCH2CO2H ^ 
Cr(lll) + R2CO + HOCHCO2H (1.16) 
A three-electron oxidation reaction has also been observed within a 
single organic substrate molecule with three functional groups placed 
at appropriate distances allowing the formation of a bicyclic 
intermediate chromium complex and tricyclic transition state^Ol. 
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Cr(VI) + HOCH2(CH2)4CH(OH)C02H 
-» Cr(III) + OCH(CH2)4CH(OH) + CO2 (117) 
Some other reaction schemes have been proposed for the 
mechanism of chromium(VI) reduction. On the basis of kinetic data 
only, another interesting mechanism was proposed by Haight et al. 158 
Cr(VI) + S > Cr(IV) + product (1.18) 
2CKIV) > Cr(V) + Cr(III) (1 19) 
Cr(V) + S > Cr(III) + product (1.20) 
Scheme - 1.4 
The only difference from the Westheimer scheme is that chromium(V) 
is supposed to be formed as a result of chromium(IV) 
disproportionation instead of a chromium(VI)-chromium(IV) reaction. 
No objections to this mechanism can be raised on 
thermodynamic grounds: the disproportionation of chromium(IV) 
should be facile and essentially irreversible; an equilibrium constant 
of 7.6 X 10^2 foj- the reaction can be estimated from oxidation 
potentials (+1.34 and + 2.10 V for the chromium(V)/chromium(IV) 
and chromium(IV)/ chromium(III), respectively ^ 5^-1^6) How^ever, a 
rather serious objection to this mechanism is that it requires an 
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accumulation of the chromium(IV) intennediate in high enough 
concentrations to make its second-order disproportionation possible. 
This could happen only if the reduction of chromium(lV) by the 
substrate (Cr(IV) + S -^ Cr(IIl) + R-) were quite slow. Hence the 
mechanism (Scheme - 1.4) requires a substrate which is unreactive 
towards chromium(lV). Possibly due to this reason the mechanism is 
thought to operate only for the oxidation in water medium of a 
restricted number of substrates such as hydrazine^^2,205 or 
hydroxylamine206 known to act as two-electron reductantsl52,204 ^nd 
of certain other substrates207-209 
In the course of chromium(VI) reduction two consecutive two-
electron transfers take place according to other authors^ 10-214 leading 
to the formation of chromium(II) as follows 
Cr(VI) + S -> Cr(IV) + P (1.21) 
Cr(IV) + S -^ Cr(II) + P (1.22) 
Cliromium(II) is strong reducing agent and is oxidized immediately 
either by atmospheric oxygen^lO 
O2 
Cr (n ) -A Crail) (123) 
or by unreacted chromium(IV)211 
Cr(II) + Cr(IV) ^ Cr(V) + Cr(III) (1.24) 
Cr(V) + S ^ Cr(III) + P (1.25) 
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Wiberg and co-workers2l5,216 had proposed another reaction 
scheme for the oxidation of aryl amines in acetic acid solution 
including only one-electron steps 
Cr(VI) + S-^ Cr(V) + R (126) 
Cr(VI)+ R-^Cr(V) + P (1.27) 
Cr(V) + S ^ Cr(IV) + R (1.28) 
Cr(V) +R -^ Cr(IV) + P (1.29) 
Scheme - 1.5 
According to these speculations and based again on kinetic data alone, 
chromium(IV) thus formed is stable and does not participate further in 
redox reactions. This reaction scheme is accepted for thiocarbamide 
oxidation with chromium(VI)217 and for chromyl acetate reduction 
with alkylaromatic compounds in acetic anhydride medium^l^ 
Although the formation of chromium(V) and free radicals have been 
proven by means of EPR215,217,218 ^nd induced polymerization^ 17 
this reaction mechanism is still debatable. 
The King219 mechanism (Scheme - 1.6) too proposes one-
electron steps but upto chromium(lll) stage. 
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HCr04" + 4H+ +e- ^ = ^ H3Cr04 (1.30) 
H3Cr04 >Cr(IV) (131) 
Cr(IV) ^Cr(III) (1-32) 
Scheme - 1.6 
Chromium(III) product complexes which are inert are evidence for the 
presence of ligands in activated complexes leading to the formation of 
chromium(III). 
Summarizing all the data, the mechanism of chromium(VI) 
reduction and the oxidation capacity of chromium(VI), chromium(V) 
and chromium(IV) depend strongly on the nature both of the substrate 
and the reaction medium. The oxidation of 2-propanol and of 
cyclobutanol in water-acidic medium has been interpreted both in 
terms of the Westheimer 118,127,220 and Rocekl57,l60,l64 reaction 
schemes. The same is valid for the oxalic acid oxidation in water 
medium. On the basis of kinetic data only Rocek has proposed two 
different mechanisms depending on the reaction conditions: at high 
chromium(VI) concentration in strongly acidic medium steps 
(1.9)-(1.12) operate 133,159 ^hile at lower chromium(VI) 
concentration and in less acidic medium the three-electron mechanism 
is preferred'92,195. Numerous other experimental data are available 
concerning the influence of the reaction medium on the chromium( VI) 
reduction mechanism. It is proven that the rate of oxidation with 
chiDmium(Vl) depends both on the acidity^^^ and on the nature of the 
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acidl38,l40,222-237 The effect of the anionic part is connected mainly 
with their tendency for complexation with Cr042-. The following 
sequence was found for the oxidation ability of such complex 
speciesl55,225 ; H2CrP07 < HCrClOs <H2CrS07 < HCrClOv < 
HCrNOe-
E. STATEMENT OF THE PROBLEM 
Micelles are aggregates, containing hydrocarbon interiors 
and polar surfaces, formed in aqueous solutions by surfactants228 
They provide different reactive sites/microenvironments for different 
parts of reactant molecules^^ jhe hydrophobic non-polar core is one 
of the possible sites that can provide binding energy for hydrophobic 
parts of the reactants. The micelle surface (polar and usually charged) 
is another possible site that can interact with the reactants polar 
groups. There are theoretical as well as practical reasons for the study 
of reactivity in the presence of micelles. On the practical side, 
industrial recipes for carrying out reactions often involve the 
solubilization of a reactant, a well-known example being emulsion 
polymerization229-231 Qn the theoretical side, reactions occurring in 
or on micelles are of special interest when ionic reactants are 
involved, because of the large electrostatic contributions to the free 
energy of activation resulting from the micellar charges. Judging by 
kinetic data for ionic reactions on monolayers230,232^ the electrostatic 
acceleration or retardation could easily amount to several orders of 
magnitude. 
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A large number of reports are available on the chromic acid 
oxidation of organic acids in aqueous medium with special focus on 
the mechanisms and kinetics of the reactions233 Chromium(VI) 
oxidation of N-, O- and S-containing reductants in aqueous medium 
have been studied and reported from this laboratory'^^^^^^. Detailed 
micellar effect on the redox reactions of organic acids and 
chromium(VI) has not been studied so far except some reports by 
Panigrahi234,235 Srinivasan and his coworkers236 have established 
that involvement of chromium(IV) as an intermediate during the 
reduction of chromium(VI) can be confirmed by adding 
manganese(II). The present work was thus undertaken in order to 
understand the role of both manganese(II) and surfactant organized 
assemblies (micelles and microemulsions) on the chromic acid 
oxidation of some organic acids (glycolic, lactic, malic, tartaric, 
oxalic and citric). Two cationic surfactants having different head 
groups, namely, cetyltrimethylammonium bromide (CTAB) and 
cetylpyridinium bromide (CPB), and an anionic surfactant, sodium 
dodecyl-sulfate (SDS), have been used for the purpose. 
CHAPTER - 2 
EXPERIMENTAL 
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Materials 
The chemicals used throughout the study are listed in Table 2.1. 
All the surfactants (CTAB, CPB and SDS) were used as received. 
However, their purities were ascertained by the absence of minima in 
surface tension vs. log[surfactant] plots237 The oxidant, K2Cr207, 
was used as finely ground powder dried for 2 h at 110 °C. All the 
reductants mentioned in Table 2.1 were used without further 
purification. Inorganic salts were commercially available samples of 
high purity and further purified by ignition. Rest of the chemicals and 
reagents were of high purity and used as supplied. 
Preparation of Solutions 
The water used to prepare the solutions was distilled twice over 
alkaline KMn04 in an all-glass (Pyrex) distillation set-up. The 
specific conductivity of this water was in the range (1-2) x lO-^ Q-l 
cm-^ This water was used to prepare all the solutions of K2Cr207, 
reductants, salts, surfactants and reagents. 
Stock solutions were prepared by weight. 
Preparation of Microemulsion (reaction media) 
Aqueous solutions of the oxidant and reductant were prepared 
separately in double distilled-water. The method of preparation of 
microemulsion system containing the reactants was similar to that of 
Kumar and Singh238 At constant temperature, an emulsion was first 
produced by mixing approximately 2.0 gm surfactant (CTAB), with 
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20.0 cm^ oil (n-heptane) followed by addition of requisite quantity of 
aqueous solution of reductant. This emulsion mixture was then titrated 
with a cosurfactant (1-pentanol) to obtain a clear solution 
(microemulsion). The oxidant solution was then added with a 
micropipette into the microemulsion at 30±0.1 °C. The overall 
concentration of oxidant in the microemulsion was 1.0 x lO"'^  
mol dm"3. 
Kinetic Measurements 
Preliminary observations showed that the reaction mixture 
containing CTAB (=1.4 x 10"^  mol dm"^) and K2Cr207 ( = 5.3 x lO'"* 
mol dm ) became intense turbid at room temperature (37 °C) with 
visible precipitate in the solution. This turbidity decreased with 
increase in temperature and the solution became clear at > 50 °C. 
Therefore, all the kinetic experiments were carried out at temperatures 
> 50 °C in aqueous and micellar solutions. However, it was possible 
to perform the studies at 30 °C with microemulsions. 
The required solution of the reductant (in aqueous, surfactant 
solutions or water-in-oil microemulsion) was taken in a three-necked 
reaction vessel equipped with a double-surface water condenser to 
prevent evaporation. The reaction was started with addition of 
required volume of thermally equilibrated oxidant solution. The zero-
time was taken when half of the oxidant solution has been added. 
Purified N2 gas (free from O2) was bubbled through the reaction 
mixture for stirring as well as to maintain an inert atmosphere. The 
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reaction vessel was kept immersed in an oil bath thermostated at the 
desired temperature within ±0.1 °C. The progress of the reaction was 
monitored spectrophotometrically by pipetting out aliquots at 
different time intervals and measuring the decay in the absorbance of 
chromium(VI) at 350 nm^ '^^  with the help of the Bausch & Lomb 
Spectronic-20. Pseudo-first-order conditions were maintained by 
keeping the [reductant] in excess. 
Values of the pseudo-first-order rate constants (kobs/l^\|/. s-^) 
were calculated from linear plots of In(absorbance) v .^ time(t) by a 
least-squares regression analysis of the data. Multiple kinetic runs 
showed that the data were reproducible with ± 3%, 
The dependence of kobs^ kw was obtained as a function of 
[oxidant], [reductant], [Mn(Il)], [surfactants], temperature and [salts]. 
The results are recorded in Chapter 3. 
Determination ofcmc by Conductivity Measurements 
The conductivity measurements of surfactant solutions were 
made by a Conductivity Bridge 305 (Systronics, India) using ELICO 
conductivity cell type CC-03 (cell constant = 1.02). After measuring 
conductivity of the solvent (taken in a glass container which was 
inunersed in a constant temperature bath), small volumes of surfactant 
solution was added and the conductivity was noted after each addition 
after ensuring complete mixing. The specific conductivity was 
calculated by applying solvent corrections. The cmc values of both the 
surfactants CTAB and CPB in presence and absence of reactants have 
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been detennined at the break points of nearly two straight line 
portions of the specific conductivity vs. concentration plots ^ .^ 
Experiments were carried out under different conditions i.e. solvent 
being water, water + oxidant, water + reductant, or water + reductant 
+ oxidant. The estimated cmc values are given in Table 2.2. 
Viscosity Measurements 
Viscosity measurements were made by using an Ubbelohde 
viscometer thermostated at 50±0.1 °C. The relative viscosities (rir) of 
solutions left at the end of kinetic runs were obtained in the absence 
and the presence of surfactants to get an idea about the type of 
micellar aggregate present in the reaction mixture at the time of 
completion of the reaction (measurements were made for the runs 
showing maximum k ,^ - values). The tji- of these solutions were 
determined against water by using the relation: 
^1 diti 
r\r= = (2.1) 
where TIJ and dj represent the viscosity and density of the reaction 
mixture, TIQ and do are the viscosity and density of water at the 
experimental temperature and tj and to are the time of flow for the 
fixed volume of the reaction mixture and water, respectively. Density 
corrections were not made as these were negligible239 Therefore, r\j 
was calculated by the ratio of ti and to- The data are given in 
Table -2.3. 
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TABLE 2.2 
Critical micelle concentration (cmc) values of CTAB and CPB in the 
absence and presence of 1.0 x 10-5 mol dm"3 oxidant and 1.0 x 10-^ 
mol dm-3 reductant at 50 °C. 
Solution 
Water 
Water + glycolic acid 
Water + lactic acid 
Water + malic acid 
Water + tartaric acid 
Water + oxalic acid 
Water + citric acid 
Water + K2Cr207 + glycolic acid 
Water + K2Cr207 + lactic acid 
Water + K2Cr207 + malic acid 
Water + K2Cr207 + tartaric acid 
Water + K2Cr207 + oxalic acid 
Water + K7Cr707 + citric acid 
10^ cmc (mol dm-
CTAB 
11.8 
(13.2)a 
6.3 
8.0 
6.4 
6.8 
6.8 
4.3 
6.5 
7.5 
6.0 
6.5 
6.6 
4.1 
•3 ) 
CPB 
8.6 
(10.3)a 
6.3 
6.7 
6.4 
6.8 
-
5.3 
5.7 
6.9 
6.7 
6.7 
-
5.2 
*Lit. values are quoted in parentheses (55 °C^^). 
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TABLE 2.3 
Relative viscosities of the reaction mixtures in aqueous and micellar 
(with and without NaN03) solutions at 50 °C. 
Reaction mixture^ 
Glycolic acid + Cr(VI) 
Lactic acid + Cr(VI) 
Malic acid + Cr(VI) 
Tartaric acid + Cr(VI) 
Oxalic acid + Cr(VI) 
Citric acid + Cr(VI) 
Hr^^ 
1.02 
1.05 
1.06 
1.01 
1.01 
1.01 
„ CTAB 
'Ir 
1.05 
1.08 
1.09 
1.05 
1.02 
1.02 
„ CTAB+NaNO, 
Mr ^ 
1.04 
1.04 
1.06 
1.02 
1.01 
1.02 
a[Cr(VI)] = 2.8 x 10-4 mol dm-3, [Glycolic acid] = 3.0 x 10-1 mol 
dm-3, [lactic acid] = 4.0 x 10-1 mol dm-^, [Malic acid] = 3.5 x 10-1 
mol dm-3, [Tartaric acid] = 5.7 x 10-2 mol dm-3, [Oxalic acid] = 5.7 x 
10-2 mol dm-3, [Citric acid] = 7.0 x 10-2 mol dm-3, [NaNOs] = 5.0 x 
10-2 mol dm-3 (sets with added NaN03 were selected for r|r 
measurements as decrease in k^ j, was maximum with this uni-univalent 
salt). 
48 
Identification of the Products 
(a) Characterization of Chromium(IIl) 
To identify the reduction product of chromium(VI) present in 
solution, the required amounts of the reactants were mixed at room 
temperature and then heated to 50 °C. Although visual observations 
indicated that the reactions were over in ca. 20-30 min, the UV-Vis 
spectra of the reaction mixtures were registered at different time 
intervals and compared with the results of Hamm et al.^^^ Inspection 
of Figs. 2.1-2.6 indicates that under the kinetic experimental 
conditions, all the reductants except lactic acid did not complex 
chromium(IIl) because the spectra of reaction mixtures (kmax = 410 
and 568 nm) remain identical to that of authentic chromium(III) 
sample CKm^x = 410 and 572 nm)'^^. The reaction mixtures did show 
shifted chromium(III) bands towards shorter wavelengths, i.e., 417 
and 557 nm after allowing the reaction to take place for longer times; 
this is in agreement with the published data^^O.xhe close agreement 
(vide supra) of both visible and UV spectral maxima between the 
observed species in the reaction mixtures and those of chromium(IIl) 
species shows that the aquachromium(IIl) ion is the only reaction 
product under any of the conditions used herein. With lactic acid as 
the reductant, the bands show maxima at 410 and 560 nm (Fig. 2.2): 
the shift of 572 nm band of free aquachromium(lll) ion towards 
shorter wavelengths enables us to conclude that, under our 
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experimental conditions, the product is chromium(III) - lactic acid 
complex240. 
Spectra of reaction mixtures were also taken in the presence of 
surfactants (CTAB and CPB-Figs. 2.1-2.6). Here too the positions of 
absorption maxima of the reaction mixtures remain unchanged; this 
observation suggests that the reaction product of chromium(VI) in 
presence of the surfactants is the same as in aqueous solution. 
In order to see the formation of any stable chromium(V) 
complex with reductants, some experiments of monitoring absorbance 
at 750 nm (where chromium(V) is the only absorbing species ^ ^2) were 
also performed. However, all attempts to observe chromium(V) at 750 
nm were unsuccessful. 
(b) Detection of CO 2 and other products 
Formation of carbon dioxide was identified qualitatively by 
Ba(OH)2241 in case of all the reductants, i.e., glycolic, lactic, malic, 
tartaric, oxalic and citric acids. Other oxidation products of glycolic 
acid (formic acid), lactic acid (pyruvic acid and acetyldehyde) and 
malic acid (malonic acid) were identified on the basis of spot tests242 
In case of tartaric and citric acids other oxidation products (glyoxalic 
and 3-oxoglutaric acids, respectively) were characterized as follows: 
ice cold solutions of the reductant and oxidant were added to a 
saturated solution of 2,4-dinitrophenyl hydrazine in 1 mol dm-^ HCl 
at 25 °C. After 1 h, the reaction product was filtered out and the 
yellow residue was washed with ethanol and recrystallized by acetic 
50 
0.6 
OA 
0.2 
S e t d l ) 
U 
C 
o 
n 
o 
m 
< 
0.0 
0.2 
0 0 
0 . 6 - S e t ( l ) 
0.^ 
± 1 ± 1 
3 00 350 AOO 450 500 
WQvelength(nrn) 
550 600 650 
Fig. 2.1 : Absorption spectra of the reaction product of glycolic acid 
(0.25 mol dm-3) and chromium(VI) (8.3 x 10-3 mol dm-3) 
after completion of the reaction at 50 °C in the absence of 
surfactants (Set I) and in the presence of CTAB (10.0 x 
10-3 mol dm-3, O) or CPB (10.0 x 10-3 mol dm-3. • ) 
(Set II). Reaction time: Set I - 30 min (O), 1 hr ( • ) ; 
Set II - 1 hr. 
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Fig. 2.2 : Absorption spectra of the reaction product of lactic acid 
(0.25 mol dm-3) and chromium(VI) (8.3 x 10-3 mol dm-3) 
after completion of the reaction at 50 "C in the absence of 
surfactants (Set I) and in the presence of CTAB (10.0 x 
10-4 mol dm-3, O) or CPB (10.0 x 10-4 mol dm-3. • ) 
(Set II). Reaction time. Set I - 30 min (O), 1 hr ( • ) ; 
Set II - 1 hr. 
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Fig. 2.3 : Absorption spectra of the reaction product of malic acid (0.25 
mol dm-3) and chromium(VI) (8.3 x 10-3 mol dm-3) after 
completion of the reaction at 50 °C in the absence of surfectants 
(Set I) and in the presence of CTAB (10.0 x 10-4 mol dm-3, O) 
or CPB (10.0 X 10-4 mol dm-3. • ) (Set H). Reaction time: Set I -
30 min (O), 1 hr (•); Set II - 1 hr. 
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Fig. 2.4 : Absorption spectra of the reaction product of tartaric acid 
(0.25 mol dm-3) and chromium(VI) (8.3 x 10-3 mol dm-3) 
after completion of the reaction at 50 °C in the absence of 
surfactants (Set I) and in the presence of CTAB (50.0 x 
10-4 mol dm-3, O) or CPB (50.0 x 10-4 ^ol dm-3. • ) 
(Set II). Reaction time: Set I - 30 min (O), 1 hr ( • ) ; 
Set II - 1 hr. 
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Fig. 2.5 : Absorption spectra of the reaction product of oxalic acid 
(0.25 mol dm-3) and chromium(VI) (8.3 x 10-3 mol dm-3) 
after completion of the reaction at 50 °C in the absence of 
surfactant (Set I) and in the presence of CTAB (10.0 x 
10-3 mol dm-3,0) (Set II). Reaction time: Set I - 30 min 
(O), 1 hr(»);SetII- l hr. 
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Fig. 2.6 : Absorption spectra of the reaction product of citric\£82iji T-^L^^i 
(0.25 mol dm-3), chromium(VI) (8.3 x 10-3 mol dm-3)^\crt^v^ ^ ' , 
Mn(II) (=1.4 X 10-3 mol dm-3) after completion of the^l: 
reaction at 50 °C in the absence of surfactants (Set I) and 
in the presence of CTAB (10.0 x 10-4 ^ol dm-3, Q ) or 
CPB (9.5 x 10-4 mol dm-3. 0 ) (Set U). Reaction time. 
Set I - 30 min (O), 1 hr ( • ) ; Set II - 1 hr. 
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acid. The compounds (hydrazones) were analyzed by the IR spectra 
and comparing the spectra with that of authentic samples (v^oOH ^ 
1600 and 1570 cm-l, VC=N= ^620 cm'l). 
(c) Free radical detection 
Presence of free radicals in the reaction mixtures was tested by 
using the monomer acrylonitrile. Addition of the monomer solution to 
the reaction mixture (0.01 mol dm-3, 2 cm^, potassium dichromate and 
0.1 mol dm"3, 4 cm^, reductant) lead to the precipitation of a white 
polymeric product. The positive response indicated in situ generation 
of free radicals in the oxidations (no precipitation occurred in the 
absence of reductant or oxidant). 
pH-Measurements 
pH measurement of the solutions were made with a pH-meter 
type LI-120 (ELICO, Hyderabad, India) fitted with an ELICO CH-41 
glass and calomel combination electrode. 
CHAPTER - 3 
RESULTS AND DISCUSSION 
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A. RESULTS 
As has already been mentioned, the kinetic studies of chromic 
acid oxidation of organic acids (glycolic, lactic, malic, tartaric, oxalic 
and citric) were performed by following the disappearance of 
chromium(VI) at 350 nm in the absence and presence of cationic and 
anionic surfactants at different [reactant], [Mn(Il)], [surfactant], [salt] 
and temperature. A few exploratory experiments were also performed 
in CTAB-heptane-water-heptanol (w/o) microemulsion. 
The acid dissociation constants (pKa's) of the reductants and 
their structures are summarized in Table 3.1. 
Dependence of Reaction Rate on [Oxidant] 
To find out the order of reactions with respect to oxidant 
concentration, the rate constants were determined at different initial 
concentrations of chromium(VI). The concentrations of reductant 
were kept constant at a fixed temperature of 50 °C (no reaction was 
observed with citric acid under the experimental conditions-see later). 
The pseudo-first-order rate constants (kobs) obtained at different 
chromium(VI) concentrations are recorded in Tables 3.2-3.6. It was 
found that the values of the rate constants were independent of the 
initial concentrations of chromium(VI), thus indicating that the order 
of the reaction with respect to chromium(VI) concentration is unity; 
the rate law would then be 
rate = - d[Cr(VI)]/dt = kobs [Cr(VI)]T (3.1) 
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TABLE 3.1 
Organic acids used in the present investigation, their structures and 
their pKg- values at 25 °C. 
Organic acid Structure pKai pKa2 pKa3 
Glycolica HO-CH-COOH 
H 
3.8 
Lactic^ 
> 
Malicb 
Tartaric'' 
Oxalic*' 
Citrica 
HO-
HO-
HO-
HO-
-O^COOH 
1 CH3 
-CH-COOH 
1 
CH2COOH 
-CH-COOH 
1 
CH-COOH 
1 
OH 
COOH 
1 
COOH 
CH,COOH 
1 
-C-COOH 
CHjCOOH 
3.8 
3.4 
3.0 
1.2 
3.1 
5.1 
4.5 
4.2 
4.8 6.5 
aCRC Handbook of Chemistry and Physics, 58th ed. 1977-1978. 
bj. H. Segal, "Biochemical Calculations", J. Wiley, New York, 2nd 
ed., 1968. 
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TABLE 3.2 
Effect of [Cr(VI)] on pseudo-first-order rate constants for the oxidation of 
glycolic acid by chromiiim(VI) in the absence and presence of surfactants. 
Conditions: [glycolic acidly ~ ^.3 mol dm"^  
[CTABJT = 10 X 10-3 mol dm-3 
[CPB]j = 10 X 10-3 mol dm-3 
Temp. = 50 °C 
104[Cr(VI)]T 104kobs/ky(s-0 
(moldm-3) aqueous CTAB CPB 
4.0 4.3 
3.9 4.4 
3.7 4.1 
3.5 4.5 
3.8 4.4 
4.0 4.3 
11.4 0.6 tuibid 4.2 
1.4 
2.8 
4.5 
5.7 
7.1 
8.5 
0.7 
0.7 
0.6 
0.7 
0.6 
0.6 
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TABLE 3.3 
Effect of [Cr(VI)] on pseudo-first-order rate constants for the oxidation of 
lactic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: [lactic acidjj = 0.4 mol dm^^ 
[ C T A B J T = 10 X 10-4 mol dm-3 
[ C P B ] T = 10 X 10-4 mol dm-3 
Temp. = 50 °C 
104[Cr(VI)]T 104kobs/ky(s-l) 
(moldm-3) aqueous CTAB CPB 
11.7 13.2 
12.5 13.4 
10.5 14.6 
11.8 15.3 
11.8 15.0 
1.0 
1.4 
2.0 
2.8 
3.0 
9.0 
8.7 
9.9 
9.5 
9.6 
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TABLE 3.4 
Effect of [Cr(Vl)] on pseudo-first-order rate constants for the oxidation of 
malic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: [malic acidjj = 0.35 mol dm"^  
[CTAB]T = 10 X 10-4 mol dm-3 
[CPB]T = 10 X 10-4 mol dm-3 
Temp. = 50 °C 
104 [Cr(VI)]T 
(mol dm-3) 
1.0 
1.5 
2.0 
2.8 
3.6 
4.0 
104kobs/^(s 
aqueous 
10.9 
11.0 
9.7 
9.7 
10.5 
10.1 
-1) 
CTAB 
14.2 
14.0 
13.9 
14.2 
14.1 
14.3 
CPB 
16.5 
16.4 
16.7 
16.8 
16.8 
16.5 
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TABLE 3.5 
Effect of [Cr(VI)] on pseudo-first-order rate constants for the oxidation of 
tartaric acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: [tartaric acidjj = 5.7 x 10-2 mol dm"^  
[CTAB]T = 50 X 1(H mol dm-3 
[CPB]T = 50 X 10-4 mol dm-3 
Temp. = 50 °C 
104 [Cr(VI)]T 104kobs / ky (s'^) 
(moldm-3) aqueous CTAB CPB 
1.4 
2.8 
4.3 
5.7 
7.1 
10.0 
14.5 
14.0 
14.4 
14.3 
13.9 
14.2 
20.0 
20.5 
20.8 
20.3 
20.7 
21.0 
17.0 
17.1 
17.3 
17.5 
17.4 
17.7 
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TABLE 3.6 
Effect of [Cr(VI)] on pseudo-first-order rate constants for the oxidation of 
oxalic acid by chromiiim(VI) in the absence and presence of surfactant. 
Conditions: [oxalic acidjj = 5.7 x 10-2 mol dm"3 
[CTABIT = 10 X 10-3 mol dm-3 
Temp. = 50 °C 
104 [Cr( 
(mol dm 
1.4 
2.8 
4.5 
5.7 
7.1 
8.6 
11.4 
-3) 
104kobs/^(s-l) 
Aqueous 
7.4 
7.1 
6.9 
6.8 
5.3 
7.1 
7.1 
CTAB 
22.0 
22.1 
21.0 
21.8 
21.5 
22.4 
22.1 
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Dependence of Reaction Rate on [Reductant] 
The influence of the concentration of the reductants were 
studied with other experimental conditions remaining constant. The 
calculated kob^  values are summarized in Tables 3.7-3.11 which are 
also shown graphically in Figs. 3.1-3.5. 
The plots (Figs. 3.1-3.5) show non-linear behavior. However, 
linear variation of logk^ vs. log[reductant]j were found with slopes 
1.2 (glycolic), 2.0 (lactic), 1.8 (malic), 2.0 (tartaric) and 2.2 (oxalic) 
with r>0.992. These slopes are indicative of the respective orders in 
[reductant]. 
Dependence of the Reaction Rate on [Mn(II)] 
The rate of disappearance of chromiun(VI) was accelerated in 
presence of manganese(II). The ko^s values (Tables 3.12-3.17) 
increase with increase in [Mn(II)] with a tendency to attain a limiting 
value at high [Mn(II)] except in case of oxalic acid where a 
continuous increase was observed (Figs. 3.1-3.6). The Burk-
Lineweaver type double-reciprocal plot indicate association of the 
manganese(II) and other reactants in some pre-equilibrium steps 
before the electron-transfer that also satisfies the Michaelis-Menten 
reciprocal relationship (kinetic proof for complex formation). Hence a 
complex formation between manganese(II) and reactive species of 
chromium(VI) and reductant occurs a priori. The effect of [reductant] 
was also investigated at fixed [Cr(VI)] and [Mn(II)] at 50 °C. The 
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TABLE 3.7 
Effect of [glycolic acid] on pseudo-&st-order rate constants for the 
oxidation of glycolic acid by chromium(VI) in the absence and presence of 
surfactants. 
Conditions: 
10 [glycolic 
(mol dm'3) 
1.0 
2.0 
3.0 
4.0 
4.5 
5.7 
7.5 
9.2 
[Cr(VI)]T 
[CTABJT 
[CPB]T 
Temp. 
acidJT 104; 
= 
= 
= 
= 
kobs 
aqueous 
0.2 
0.4 
0.7 
1.5 
2.3 
3.2 
4.4 
6.3 
2.8 X 
10 X 
10 X 
:10-4 
10-3 
10-3 
50 °C 
, /ky (s-1) 
mol dm-3 
mol dm-3 
mol dm-3 
CTAB 
0.6 
1.3 
3.9 
6.0 
8.5 
10.2 
15.0 
18.4 
CPB 
0.6 
1.3 
4.4 
7.0 
8.2 
13.3 
16.8 
19.8 
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TABLE 3.8 
Effect of [lactic acid] on pseudo-first-order rate constants for the oxidation 
of lactic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: 
10 [lactic ac 
(mol dm'3) 
0.5 
1.0 
1.5 
2.0 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
[Cr(VI)]T 
[CTABJT 
[CPBh 
Temp. 
id]T lO^kobs / 
aqueous 
0.1 
0.8 
1.4 
3.3 
6.6 
8.0 
9.5 
n.o 
15.5 
18.5 
21.2 
= 2.8 
= 10 
= 10 
= 50 
'^ w 
X 10-4 mol dm-3 
X 10-4 mol dm-5 
xlO-4 
°C 
(s-0 
mol dm"3 
CTAB 
0.1 
0.6 
0.9 
2.4 
5.7 
8.5 
11.8 
13.5 
15.0 
17.8 
20.3 
CPB 
0.2 
1.0 
2.5 
5.3 
10.4 
12.0 
15.3 
16.4 
18.5 
20.8 
22.8 
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TABLE 3.9 
Effect of [malic acid] on pseudo-first-order rate constants for the oxidation 
of malic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: 
10 [malic ac 
(mol dm-3) 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
[Cr(VI)]T 
[CTABJT 
[ C P B ] T 
Temp. 
idjj 
= 
= 
104 k^ j^ ^ 
aqueous 
0.2 
1.0 
2.3 
3.6 
5.4 
8.1 
9.7 
11.9 
14.8 
18.3 
-
20.0 
2.8; 
10)1 
10 > 
50° 
xlO-4 mol dm-3 
L10-4 mol dm-3 
: 10-4 
C 
•Jk^(s-l) 
mol dm"^ 
CTAB 
0.4 
1.5 
3.0 
5.6 
8.0 
10.3 
14.2 
16.0 
17.6 
19.8 
22.0 
24.5 
CPB 
0.6 
2.0 
5.0 
7.8 
10.1 
14.0 
16.8 
17.7 
18.6 
21.0 
24.3 
28.0 
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TABLE 3.10 
Effect of [tartaric acid] on pseudo-first-order rate constants for the oxidation 
of tartaric acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: [CT{VI)]J = 2.8 x 10-4 mol dm-3 
[CTABJT = 50 X 10-4 mol dm-3 
[CPB]T = 50 X 10-4 mol dm-3 
Temp. = 50 °C 
102 [tartaric acidjj 104kobs / k^ (s" 1) 
(moldm-3) aqueous CTAB CPB 
1.0 0.3 
2.0 2.9 
2.9 4.5 
4.3 6.9 
5.7 14.0 
7.1 25.1 
8.6 41.8 
10.0 52.5 
11.4 73.3 
12.8 85.0 
14.3 98.0 
2.0 
3.0 
5.0 
10.0 
20.5 
41.1 
61.1 
80.0 
100.0 
120.0 
135.0 
2.0 
3.0 
5.1 
10.1 
17.1 
35.3 
50.0 
68.0 
88.0 
110.0 
125.0 
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TABLE 3.11 
Effect of [oxalic acid] on pseudo-first-order rate constants for the oxidation 
of oxalic acid by chroniium(VI) in the absence and presence of surfactant. 
Conditions: 
102 [oxalic i 
(mol dm"3) 
1.4 
2.9 
4.3 
5.7 
7.1 
8.6 
10.0 
[Cr(VI)]T 
[CTABJT 
Temp. 
icid]7 
= 7.1 
= 10 
= 50 
X lO-^inoldni-3 
X 10-3 mol dm"3 
°C 
104kobs /^(s -0 
Aqueous 
0.3 
0.5 
2.8 
5.3 
10.1 
15.3 
22.7 
CTAB 
0.6 
4.3 
14.0 
21.8 
28.5 
35.0 
39.0 
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TABLE 3.12 
Effect of [Mn(II)] on pseudo-first-order rate constants for the oxidation of 
glycolic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: 
102 [Mn(II)]T 
(mol dm-3) 
0.0 
0.01 
0.05 
0.1 
0.2 
0.3 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
5.0 
6.0 
[Cr(VI)]T 
[glycolic acid]j 
[CTABJT 
[ C P B ] T 
Temp. 
lO^kobs 
aqueous 
0.7 
-
-
1.5 
2.1 
-
2.8 
3.2 
3.4 
3.6 
3.8 
-
3.8 
3.9 
3.8 
3.8 
= 2.8x 10-' * mol dm-3 
= 0.3 mol dm"3 
= 10x 
= 10x 
10-3 
10-3 
= 50°C 
/ k^ (s 
• ' ) 
mol dm-3 
mol dm"3 
CTAB 
3.9 
4.3 
4.8 
6.2 
6.2 
6.1 
5.8 
5.1 
4.6 
3.8 
-
3.5 
-
3.2 
2.9 
2.9 
CPB 
4.4 
4.7 
5.3 
5.9 
5.8 
5.7 
5.3 
4.3 
3.5 
2.8 
-
2.4 
-
2.2 
2.2 
2.1 
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TABLE 3.13 
Effect of [Mn(n)] on pseudo-first-order rate constants for the oxidation of 
lactic acid by chroniium(Vl) in the absence and presence of surfactants. 
Conditions: 
102 [Mn(n)]T 
(mol dm"3) 
0.0 
0.1 
0.2 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
[Cr(VI)h 
[lactic aci 
[CTABJi 
[ C P B ] T 
Temp. 
id]T 
= 2.8x : 10-4 mol dm-3 
= 0.4 mol dm"^ 
= 10x 
= 10x 
10-4 mol dm-3 
10-4 mol dm-3 
= 50°C 
lO^kobs/k^Cs-^) 
aqueous 
9.5 
17.5 
25.5 
32.7 
40.0 
44.7 
50.0 
47.7 
51.2 
49.5 
CTAB 
11.8 
20.0 
25.0 
29.5 
38.5 
41.3 
46.5 
48.3 
50.1 
50.2 
CPB 
15.3 
19.3 
24.0 
31.5 
36.5 
42.7 
43.7 
44.0 
42.0 
44.5 
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TABLE 3.14 
Effect of [Mn(II)] on pseudo-first-order rate constants for the oxidation of 
malic acid by chromiiim(VI) in the absence and presence of surfactants. 
Conditions: [Cr(VI)]T = 2.8 x lO'^ mol dm-3 
[mahc acidjj = 0.35 mol dm"^  
[CTABJT = 10 X 10-4 mol dm-3 
[CPB]T = 10 X 10-4 mol dm-3 
Temp. = 50 °C 
102 [ 
(mol 
0.0 
0.1 
0.2 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
Mn(II)]T 
dm-3) 
104kobs/^(s-^) 
aqueous 
9.7 
22.0 
28.7 
38.7 
53.2 
81.3 
88.7 
95.1 
98.0 
98.1 
CTAB 
14.2 
26.0 
28.0 
35.8 
44.8 
70.0 
84.0 
100.0 
105.0 
105.0 
CPB 
16.8 
24.0 
25.1 
33.8 
39.0 
60.0 
75.0 
93.5 
98.5 
100.0 
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TABLE 3.15 
Effect of [Mii(n)] on pseudo-first-order rate constants for the oxidation of 
tartaric acid by chromiuni(Vl) in the absence and presence of surfactants. 
Conditions: [Cr(VI)]x = 2.8 x lO-^  mol dm-3 
[tartaric acid]x = 5.7 x 10*2 mol dm"^  
[CTABJT = 50 X 10-4 mol dm-3 
[CPB]T = 50 X 10-4 mol dm-3 
Temp. = 50 °C 
102 [Mn(n)] 
(mol dm'^) 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.6 
4.0 
4.5 
5.0 
6.0 
104kobs/kv„(s-l) 
aqueous 
14.0 
29.9 
38.5 
40.5 
40.7 
42.0 
43.0 
48.0 
49.0 
54.0 
55.0 
60.0 
CTAB 
20.5 
32.0 
39.7 
47.5 
54.2 
57.5 
59.1 
60.5 
61.0 
60.5 
59.5 
60.0 
CPB 
17.1 
27.5 
40.8 
45.1 
48.5 
50.0 
51.6 
55.0 
55.0 
55.0 
54.8 
56.2 
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TABLE 3.16 
Effect of [Mn(II)] on pseudo-first-order rate constants for the oxidation of 
oxalic acid by chroniium(VI) in the absence and presence of surfactant. 
Conditions: [Cr(VI)]T 
[oxalic acid]7 
[CTABJT 
Temp. 
= 7.1 x 10-4 moldm-3 
= 5.7 X 10-2 mol dm-3 
= 10 x 10-3 mol din-3 
= 50°C 
104 [Mn(n)] 
(mol dm~3) 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.6 
4.0 
4.5 
5.0 
6.0 
104kobs/ky(s-l) 
Aqueous 
5.3 
9-8 
12.0 
15.0 
20.5 
25.6 
32.5 
45.0 
50.0 
57.5 
67.8 
77.5 
CTAB 
21.8 
27.7 
29.5 
32.0 
34.0 
39.0 
41.5 
42.3 
42.5 
43.5 
43.7 
43.0 
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TABLE 3.17 
Effect of [Cr(VI)], [citric acid], [Mn(II)] and temperature on pseudo-first-
order rate constants for the oxidation of citric acid-manganese(II) complex 
by chromium(VI) in the absence and presence of surfactants ( = 10 x 10"^  
mol dm"3). 
104[Cr(VI)]/ 104kobs/k,^(s-l) 
(moldm-3) aqueous CTAB CPB 
1.4 
2.8 
4.5 
5.7 
7.1 
8.5 
11.4 
10 [citric acidjj 
(mol dm"3) 
0.3 
0.7 
1.5 
3.0 
4.0 
5.0 
6.0 
7.0 
15.0 
15.3 
15.5 
14.9 
15.8 
13.8 
14.7 
9.1 
15.2 
19.0 
24.3 
31.3 
35.2 
38.1 
40.0 
6.6 
6.4 
6.8 
6.5 
6.4 
6.6 
6.7 
6.1 
6.3 
6.4 
6.0 
6.3 
5.9 
6.2 
3.0 
6.4 
9.5 
15.2 
19.2 
24.0 
27.1 
30.2 
2.0 
6.3 
8.6 
13.8 
17.8 
18.3 
25.3 
28.2 
contd. 
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103 [^4n(^)]/ 
(mol dm"3) 
0.0 
0.5 
1.4 
2.8 
4.3 
5.7 
7.1 
8.5 
10.0 
11.4 
Temperature 
(°C) 
40 
45 
50 
55 
60 
65 
70 
Parameters 
Ea (kJ mol-1) 
AH# (klmof*) 
no reaction 
4.0 
15.2 
24.5 
35.0 
43.0 
49.0 
49.1 
57.0 
58.5 
-
13.6 
15.2 
19.4 
25.3 
29.3 
-
38±2 
35±2 
•7 > . 1 u 
r 
no reaction 
2.0 
6.4 
12.9 
17.5 
20.0 
23.7 
24.0 
26.8 
30.0 
turbid 
turbid 
6.4 
\2.^ 
18.8 
25.5 
54.1 
93±5 
91±5 
A c e . N o '• •' 
no reaction 
2.0 
6.3 
8.8 
14.6 
16.7 
18.7 
21.3 
22.2 
23.7 
turbid 
turbid 
6.3 
11.3 
17.3 
29.3 
49.9 
90±4 
87±4 
conta 
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AS^ (J K'^mof*) -190±6 -35±2 -26±1 
AG^ (kJ mol-1) 99±0 99±0 99±0 
a - [citric acid]j = 7.0 x 10-2 mol dm-3, [Mn(II)]x= 1.4 x lO'^ mol dm-3, 
temp. = 50 °C 
b- [Cr(VI)]T = 2.8 X 10-4 mol din-3, [Mn(II)]T = 1.4 x 10-3 mol dm-\ temp. 
= 50°C 
c- [Cr(VI)]T = 2.8 x 10-4 mol dm-3, [citric acidlj = 7.0 x 10-2 mol dm- ,^ 
temp. = 50 °C 
d- [Cr(Vl)]T = 2.8 X 10-4 mol dm-3, [citric acidjj = 7.0 x 10-2 mol dm-3, 
[Mn(II)]T = 1.4 X 10-3 mol dm-3. 
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lOCGlycoUc QcidDi-(moldm-3) 
10^CMn(Il)DT(")oldm-3) 
Fig. 3.1 : Effect of [glycolic acid] (a) and [Mn(II)] (b) on the 
reaction rate for the oxidation of glycolic acid by 
chromium(VI) in aqueous medium. Reaction conditions: 
[Mn(II)] = 0.0 mol dm-3 (a,0), [glycolic acid] = 0.3 mol 
dm-3 (b,#), [Cr(VI)] = 2.8 x 10-4 mol dm-3, temp. = 50 °C. 
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102CMn(I l )3(moldm-3) 
2 U 
2 A 
10CLQct icQcid3(moldm-3) 
Fig. 3.2 : Effect of [lactic acid] (a) and [Mn(II)] (b) on the reaction 
rate for the oxidation of lactic acid by chromium(VI) in 
aqueous medium. Reaction conditions: [Mn(II)] = 0.0 mol 
dm-3 (a,0), [lactic acid] = 0.4 mol dm-3 (b,#), [Cr(VI)] 
= 2.8 X 10-4 mol dm-3, temp. = 50 ''C. 
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2.0 3.0 4.0 5.0 
lOCMol ic Qc idDx (mo\ dm~3 ) 
1 0 ^ C M n ( l I ) D j ( m o l d m - ^ ) 
S - 100 
Fig. 3.3 : Effect of [malic acid] (a) and [Mn(II)] (b) on the reaction rate for 
the oxidation of malic acid by chromium(VI) in aqueous medium. 
Reaction conditions: [Mn(II)] = 0.0 mol dm-3 (a,0), [malic acid] 
= 0.35 mol dm-3 (b,#), [Cr(VI)] = 2.8 x 10-4 mol dm-3, temp. = 
50«'C. 
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lO^CMn IlD(mol dm-3) 
2 U 
10 CTartaric acid 3j(mol clm-3 ) 
Fig. 3.4 :Effect of [tartaric acid] (a) and [Mn(II)] (b) on the reaction 
rate for the oxidation of tartaric acid by chromium(VI) in 
aqueous medium. Reaction conditions: [Mn(n)] = 0.0 mol 
dm-3 (a,0), [tartaric acid] = 5.7 x 10-2 mol dm-3 (b,#), 
[Cr(VI)] = 7.1 X 10-4 mol dm-3, temp. = 50 °C. 
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10^CMn(lI)l^(mol d m - 3 ) 
/; 6 8 10 
0 0 2.0 A.O 6.0 8.0 10.0 
lO^C 0;tQlic ocidDx (mol dm-B) 
Fig. 3.5 : Effect of [oxalic acid] (a) and [Mn(II)] (b) on the reaction 
rate for the oxidation of oxalic acid by chromium(VI) in 
aqueous medium. Reaction conditions: [Mn(II)] = 0.0 mol 
dm-3 (a ,0) , [oxalic acid] = 5.7 x 10-2 mol dm-3 (b,#), 
[Cr(VI)] =7.1 X 10-4 mol dm-3, temp. = 50 °C. 
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0.0 2.0 A.O 6.0 8.0 100 
lOCCitric acid37(mol d m - 3 ) 
lO^CMndl )aT ("^oi d m - 3 ) 
12.0 
Fig. 3.6 : Effect of [citric acid] (a) and [Mn(II)] (b) on the reaction 
rate for the oxidation of citric acid by chromium(VI) in 
aqueous medium. Reaction conditions: [Mn(II)] = 1.4 x 
10-3 mol dm-3 (a,0), [citric acid] = 0.3 mol dm-3 (b,*), 
[Cr(VI)] = 2.8 X 10-4 mol dm-3, temp. = 50 °C. 
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values of kgbs are summarized in Tables 3.17 - 3.22 as a function of 
[reductant]. The slopes of logkobs ^^- log[reductant] plots were ca^l.O 
corresponding to a first-order dependence on [reductant] in presence 
of [Mn(II)] for each reductant. It may be noted that the kinetic order 
which was second in aqueous medium for all the reductants (except 
glycolic acid) shifts to first-order in presence of manganese(II). 
Dependence of the Reaction Rate on Temperature 
For evaluating activation parameters, the reactions were 
performed at different temperatures (40-70 °C) and the data were 
found to fit the Arrhenius and Eyring equations. The parameters were 
calculated using a nonlinear least-squares technique and are recorded 
in Tables 3.17 and 3.23 - 3.27. 
Dependence of the Reaction Rate on [Surfactant] 
The effect of cationic (CTAB or CPB) and anionic (SDS) 
surfactants on the observed rate constants (k^ j,) of the oxidation of 
glycolic, lactic, malic, tartaric, oxalic, and citric acids by 
chromium(VI) was seen in the absence as well as presence of 
manganese(II) by carrying out a series of kinetic runs at different 
[surfactant] with fixed chromium(VI) and reductant concentrations at 
50 °C. Since turbidity appeared with CPB-oxalic acid combination, 
only CTAB and SDS were used for the case. The values of k», are 
summarized in Tables 3.28-3.38 and graphically depicted in Figs. 3.7-
3.17 as rate constant (k,j,) - [surfactant] profiles. It is evident that 
CTAB and CPB catalyze all the reactions (except that of citric acid 
86 
TABLE 3.18 
Effect of [glycolic acid] on pseudo-first-order rate constants for the 
oxidation of glycolic acid by chromium(VI) in the presence of 
manganese(II). 
Conditions: [Cr(VI)]T = 2.8 x lO'^ mol dm-3 
[Mn(II)] = 1.0 X 10-3 mol dm-3 
Temp. = 50 °C 
10[glycohc acid]T 10^ kobs 
(mol dm"3) (s'^) 
1.0 0.4 
2.0 1.0 
3.0 1.5 
4.0 4.8 
4.5 6.0 
5.7 9.1 
7.5 11.0 
9.2 17.0 
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TABLE 3.19 
Effect of [lactic acid] on pseudo-first-order rate constants for the oxidation 
of lactic acid by chromium(VI) in the presence of manganese(II). 
Conditions: fCrfVDlT 
[Mn(n)] 
Temp. 
10[lactic acidJx 
(mol dm"3) 
0.5 
1.0 
1.50 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
= 2.8 
= 1.0 
= 50 ' 
xlO-
xlO-
'C 
4 mol dm"^ 
•2 mol dm"^ 
lO^kobs 
(s-1) 
2.5 
5.0 
7.0 
10.0 
12.5 
15.0 
15.5 
17.5 
22.5 
26.5 
27.0 
30.0 
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TABLE 3.20 
Effect of [malic acid] on pseudo-first-order rate constants for the oxidation 
of malic acid by cliromium(VI) in the presence of manganese(II). 
Conditions: 
10[malic aci 
(mol dm"3) 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
6.0 
[Cr(VI)]T 
[MnOI)] 
Temp. 
idlx 
= 2.8 
= 1.0 
= 50' 
xlO-4 
xlO-3 
'C 
mol dm"3 
mol dm~3 
104 ^^^ 
(S-') 
1.5 
5.0 
10.0 
12.5 
16.1 
21.2 
22.0 
28.5 
31.6 
35.0 
42.0 
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TABLE 3.21 
Effect of [tartaric acid] on pseudo-first-order rate constants for the oxidation 
of tartaric acid by chroniium(VI) in the presence of manganese(II). 
Conditions: [Cr(VI)]T 
[Mn(II)] 
Temp. 
10[tartaric acidjj 
(mol dm"3) 
1.0 
2.0 
2.9 
4.3 
5.7 
7.1 
8.6 
10.0 
11.4 
12.8 
= 2.8 
= 5.0 
= 50' 
X 10-4 mol dm-3 
X 10--
'C 
' mol dm"^  
104 i^j,^ 
(s-1) 
5.5 
10.0 
18.3 
30.7 
29.9 
46.7 
58.0 
83.0 
100.0 
119.3 
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TABLE 3.22 
Effect of [oxalic acid] on pseudo-first-order rate constants for the oxidation 
of oxalic acid by chromium(VI) in the presence of manganese(II). 
Conditions: [Cr(VI)]T 
[Mn(II)] 
Temp. 
102[oxaiic acidjj 
(mol dm"3) 
1.40 
2.9 
4.3 
5.7 
7.1 
8.6 
10.0 
= 7.1 
= 5.0 
= 50' 
xlO-' 
xlO--
'C 
^ mol dm"3 
5 mol dm"^  
104 k ,^ 
(s-l) 
1.45 
2.8 
5.0 
9.8 
15.0 
18.7 
28.8 
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TABLE 3.23 
Effect of temperature on pseudo-first-order rate constants for the oxidation 
of glycolic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: [Cr(VI)]T 
[glycolic acid]7 
[CTABJT 
[CPB]T 
= 2.8 X 10-4 mol dm-3 
= 0.3 moldm-3 
= 10 X 10-3 mol dm-3 
= 10 X 10-3 mol dm-3 
Temperature 104kobs/^(s-l) 
(°C) 
50 
55 
60 
65 
70 
Parameters 
Ea (kJmol-1) 
AH* (kJ mof^ ) 
AS*(JK"^mor*) 
AG^ (kJ mol-1) 
aqueous 
0.7 
1.2 
1.5 
2.1 
2.7 
53±4 
. 50±4 
-164±5 
105±0 
CTAB 
3.9 
4.8 
6.8 
8.4 
10.8 
48±2 
49±2 
-162±5 
101±0 
CPB 
4.4 
5.5 
6.7 
8.0 
10.2 
41±2 
38±2 
-191±6 
100±0 
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TABLE 3.24 
Effect of temperature on pseudo-first-order rate constants for the oxidation 
of lactic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: [Cr(VI)]T 
[lactic acidjj 
[CTAB]T 
[CPBIT 
= 2.8x 10-4moldm-3 
= 0.4 mol dm"3 
= 10 X 10-4 ntiol dm-3 
= 10x 10-4 mol dm-3 
Temperature 104kobs/ky(s-l) 
CQ 
40 
45 
50 
55 
60 
Parameters 
Ea (kJmol-0 
AH# (kJmof') 
AS* (J K'^mof^) 
AG^ (kJ mol-1) 
aqueous 
5.6 
7.5 
9.5 
12.7 
16.5 
46±1 
44±2 
-167±5 
98±0 
CTAB 
6.4 
8.0 
11.8 
15.3 
20.7 
51±4 
49±3 
-150±6 
98±0 
CPB 
8.5 
11.3 
15.3 
18.8 
23.8 
46±2 
43±2 
-169±4 
97±0 
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TABLE 3.25 
Effect of temperature on pseudo-first-order rate constants for the oxidation 
of malic acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: [Cr(VI)]T 
[malic acid]j 
[CTABJT 
[CPBIT 
= 2.8 X 10-4 mol dm-3 
= 0.35 moldm-3 
= 10 X 10-4 mol dm-3 
= 10 X 10-4 mol dm-3 
Temperature 104kobs/k^(s-0 
(°C) 
40 
45 
50 
55 
60 
65 
Parameters 
Ea (kJmol-1) 
AH# (kJ mof* ) 
AS* (J K'^mof*) 
AG^ (kJ mol-1) 
aqueous 
5.7 
7.1 
9.7 
11.1 
13.6 
47±4 
44±4 
-181±7 
98±0 
CTAB 
turbid 
10.7 
14.2 
18.8 
23.5 
26.3 
45±3 
40±3 
-187±7 
97±0 
CPB 
turbid 
12.5 
16:8 
19.6 
24.6 
32.3 
38±3 
36±3 
-188±3 
97+0 
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TABLE 3.26 
Effect of temperature on pseudo-first-order rate constants for the oxidation 
of tartaric acid by chromium(VI) in the absence and presence of surfactants. 
Conditions: FCrfVl^ lT 
[tartaric acid] j 
[CTABJT 
[CPBh 
Temperature 
(°C) 
40 
45 
50 
55 
60 
65 
Parameters 
Ea (kJmol-1) 
AH* (kJ mof^) 
AS* (J K"' mof^ 
AG^ (kJ mol-l) 
lO^kobs 
aqueous 
7.3 
10.5 
14.0 
18.3 
23.3 
55±2 
52±2 
-139±5 
100±0 
= 2.8 X 10-
= 5.7x10-
= 50x 
= 50x 
/k^,(s-
10" 
10-' 
' ) 
•4 mol dm"3 
•2 mol dm-3 
* mol dm-3 
* mol dm"3 
CTAB 
turbid 
turbid 
20.5 
23.2 
26.4 
30.2 
27±1 
24±1 
-226±3 
96±1 
CPB 
turbid 
turbid 
17.1 
20.0 
23.3 
27.5 
31±2 
28±2 
-212±5 
96±1 
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TABLE 3.27 
Effect of temperature on pseudo-first-order rate constants for the oxidation 
of oxalic acid by chromium(VI) in the absence and presence of surfactant. 
Conditions: [Cr(VI)]T 
[oxalic acidJx 
[CTABIT 
= 7.1x 10-4moldm-3 
= 5.7 X 10-2 jnol dm-3 
= 10 X 10-3 mol dm-3 
Temperature 104kobs/^(s-») 
(°C) 
40 
45 
50 
55 
60 
65 
70 
Parameters 
Ea (kJmol-1) 
AH* (kJ mof^ ) 
AS# (J K'^mof^) 
AG^ (kJ mol-i) 
Aqueous 
-
-
5.3 
6.8 
8.8 
10.8 
14.2 
45±2 
42±2 
-181±3 
lOOdbO 
CATB 
turbid 
turbid 
21.8 
24.8 
29.8 
36.6 
43.7 
35±2 
32±2 
-19714 
96±0 
96 
TABLE 3.28 
Eflfect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of glycolic acid by chromium(VI) in the absence of manganese(II). 
Conditions: [Cr(Vl)]7 = 2.8 x 10-4 mol dm-3 
[glycolic acidjj = 0.3 mol dm"^  
Temp. = 50 °C 
103[surfactant]7 
(mol dm"3) 
0.0 
2.0 
5.0 
8.0 
10.0 
12.0 
15.0 
20.0 
25.0 
30.0 
35.0 
50.0 
104 k^ (s 
CTAB 
0.7 
1.2 
2.4 
3.2 
3.9 
3.8 
3.4 
3.5 
3.5 
-
3.4 
-
•1) 
CPB 
0.7 
1.4 
2.5 
3.8 
4.4 
4.4 
3.8 
3.4 
3.2 
-
3.0 
-
SDS 
0.7 
-
0.6 
0.8 
0.8 
0.7 
0.7 
0.8 
0.8 
0.9 
0.8 
0.8 
104 k^^j (s-
CTAB 
0.6 
1.0 
2.3 
2.9 
3.7 
3.5 
3.4 
3.4 
3.6 
-
3.0 
-
• ' ) 
CPB 
0.7 
1.1 
2.3 
3.8 
4.3 
4.2 
3.5 
3.1 
3.0 
-
2.7 
-
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TABLE 3.29 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of lactic acid by chromium(VI) in the absence of manganese(II). 
Conditions: [Cr(VI)]T = 2.8 x 10-4 mol dm-3 
[lactic acidlT =o.4moldm-3 
104[surfactant]x 
(mol 6nr^) 
0.0 
1.0 
2.0 
3.0 
4.0 
5.0 
8.0 
10.0 
15.0 
20.0 
30.0 
40.0 
50.0 
100.0 
150.0 
200.0 
300.0 
400.0 
500.0 
104 k^ (s-
CTAB 
9.5 
9.5 
9.8 
10.0 
10.2 
10.5 
10.8 
11.8 
11.4 
11.8 
11.0 
10.6 
10.2 
7.8 
7.0 
6.4 
5.4 
-
5.0 
•0 
CPB 
9.5 
10.2 
11.0 
12.1 
12.8 
13.8 
14.6 
15.3 
14.5 
12.8 
11.5 
10.5 
10.2 
9.3 
8.5 
-
-
-
-
SDS 
9.5 
9.3 
9.6 
9.4 
9.5 
" 9.2 
9.6 
9.3 
10"^  k^cal (s-
CTAB 
10.4 
11.5 
11.4 
10.5 
10.8 
10.5 
10.5 
7.5 
6.5 
5.8 
5.4 
-
5.6 
• ' ) 
CPB 
14.4 
15.1 
14.5 
12.4 
11.1 
10.2 
9.8 
9.3 
8.3 
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TABLE 3.30 
Effect of [suifactant] on pseudo-first-order rate constants for the oxidation 
of malic acid by chromiiim(VI) in the absence of manganese(II). 
Conditions: [Cr(VI)]x = 2.8 x 10-4 mol dm-3 
[malic acidjj = 0.35 mol dm"^  
Temp. = 50 °C 
104[surfactant]T 
(mol dm"3) 
0.0 
1.0 
2.0 
3.0 
5.0 
6.5 
8.0 
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
50.0 
60.0 
65.0 
80.0 
120.0 
150.0 
200.0 
104k^(s-l) 
CTAB 
9.7 
10.3 
11.0 
11.6 
12.6 
14.0 
13.8 
14.2 
14.2 
13.2 
13.0 
13.0 
12.9 
-
12.7 
-
12.0 
11.6 
-
-
-
CPB 
9.7 
9.9 
11.1 
13.2 
16.0 
16.6 
16.8 
16.8 
17.0 
15.9 
14.4 
12.0 
10.8 
-
10.0 
9.0 
-
-
-
-
-
SDS 
9.7 
-
-
-
9.7 
-
-
9.8 
10.0 
-
10.4 
-
9.6 
-
9.2 
-
-
10.0 
9.5 
9.8 
10.0 
104kycal(s 
CTAB 
13.5 
14.3 
14.6 
13.2 
12.8 
13.0 
12.9 
-
12.4 
-
11.8 
• ' ) 
CPB 
16.5 
16.4 
16.8 
15.6 
14.2 
12.0 
10.7 
-
9.8 
8.9 
-
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TABLE 331 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of tartaric acid by chTomium(Vl) in the absence of manganese(II). 
Conditions: [Cr(VI)]T = 2.8 x 10"^  mol dm-3 
[tartaric acidjj = 5.7 x 10-2 mol dm-3 
Temp. = 50 °C 
10*[surfactant]7 
(mol dm"3) 
0.0 
10.0 
15.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
85.0 
100.0 
150.0 
104ky(s-l) 
CTAB 
14.0 
13.9 
14.0 
14.9 
17.9 
19.7 
20.5 
18.9 
16.8 
16.5 
17.0 
16.5 
CPB 
14.0 
14.6 
15.3 
17.1 
18.9 
18.2 
17.1 
15.5 
14.6 
14.0 
14.8 
14.9 
104kycal(s-*) 
CTAB 
13.7 
13.9 
14.7 
17.8 
19.5 
20.2 
18.7 
16.4 
16.2 
16.9 
15.2 
CPB 
14.4 
15.1 
17.0 
18.7 
18.0 
16.8 
15.2 
14.2 
14.0 
14.5 
14.7 
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TABLE 3.32 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of oxalic acid by chromium(VI) in the absence of manganese(II). 
Conditions: [Cr(VI)]T = 7.1 x 10-4 mol drn'^ 
[oxalic acid]T = 5.7 x 10"2 mol dm^^  
Temp. = 50 °C 
1 0 3 [ C T A B ] T 
(mol dm"3) 
O.O 
0.1 
0.2 
0.5 
0.7 
1.0 
1.2 
1.5 
1.7 
2.0 
5.0 
10.0 
15.0 
20.0 
30.0 
40.0 
60.0 
lO^k^ 
(s-1) 
5.3 
6.2 
6.8 
8.1 
9.3 
10.0 
12.6 
14.5 
16.0 
16.1 
20.0 
21.8 
20.3 
18.2 
15.8 
14.7 
10.1 
lO^k^eal 
(s-0 
9.8 
12.3 
14.2 
15.8 
16.0 
20.0 
21.6 
20.0 
18.0 
15.5 
14.2 
9.7 
104[SDS]T 
(mol dm"3) 
0.0 
5.0 
10.0 
15.0 
25.0 
30.0 
40.0 
50.0 
60.0 
lO^ky 
(s-1) 
5.3 
6.0 
5.8 
6.3 
5.6 
5.5 
5.3 
5.5 
5.9 
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TABLE 3.33 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of glycolic acid by chromium(VI) in the presence of manganese(II). 
Conditions: [Cr(VI)]T = 2.8 x 10"^ mol dm-3 
[glycolic acid]7 = 0.3 mol dm"^ 
[Mn(II)] = 1.0 X 10-3 mol dm-3 
Temp. = 50 °C 
103[surfactant]T 10^ k^, (s-^) 
(moldm-3) CTAB CPB SDS 
0.0 1.5 
2.0 3.0 
5.0 4.5 
8.0 5.8 
10.0 6.2 
12.0 6.3 
15.0 6.4 
20.0 6.2 
30.0 6.3 
50.0 
1.5 
2.5 
4.0 
5.1 
5.9 
5.9 
5.9 
5.9 
5.9 
mm 
1.5 
-
3.0 
3.5 
4.2 
4.5 
4.1 
3.0 
2.7 
2.0 
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TABLE 3.34 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of lactic acid by chromium(VI) in the presence of manganese(II). 
Conditions: [Cr(VI)]T =2.8 x lO-^mol dm-3 
[lactic acid]x = 0.4 mol dm"^  
[Mn(II)] = 1.0 X 10-3 mol dm-3 
Temp. = 50 °C 
104[suTfactant]T 10^ k^ (s-^) 
(mol dm-3) CTAB CPB SDS 
0.0 
5.0 
8.0 
10.0 
15.0 
20.0 
30.0 
40.0 
50.0 
100.0 
150.0 
200.0 
300.0 
400.0 
500.0 
17.5 
18.6 
20.0 
20.0 
20.0 
20.0 
18.8 
17.6 
15.8 
13.6 
-
12.0 
9.6 
-
_ 
17.5 
17.8 
18.4 
19.3 
21.6 
18.4 
16.4 
14.0 
13.6 
12.4 
-
12.0 
11.4 
-
-
17.5 
-
-
-
-
-
-
-
17.0 
17.0 
17.6 
17.5 
17.6 
17.0 
17.4 
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TABLE 3.35 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of malic acid by chroimum(VI) in the presence of manganese(II). 
Conditions: [Cr(VI)]T 
[malic acidJx 
[Mn(II)] 
Temp. 
= 2.8 X 10-4 mol dm-3 
= 0.35 mol dm-3 
= 1.0 X 10-3 mol dm-3 
= 50°C 
104[surfactant]T 104 k^ (s-l) 
(mol dm-3) 
0.0 
5.0 
8.0 
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
50.0 
60.0 
65.0 
80.0 
100.0 
150.0 
200.0 
250.0 
300.0 
400.0 
500.0 
600.0 
CTAB 
22.0 
23.3 
24.0 
26.0 
29.5 
27.2 
24.5 
21.0 
20.0 
19.0 
18.4 
17.5 
CPB 
22.0 
22.4 
23.0 
24.0 
27.0 
24.9 
22.7 
21.5 
19.8 
19.0 
18.7 
18.0 
SDS 
22.0 
-
-
-
-
-
-
-
-
-
-
-
-
. 
24.5 
25.7 
27.7 
29.3 
30.3 
31.0 
31.7 
32.5 
104 
TABLE 3.36 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of tartaric acid by chromium(VI) in the presence of manganese(II). 
Conditions: [Cr(VI)]7 = 2.8 x 10-4 mol dm-3 
[tartaric acidly = 5.7 x 10"2 mol dm"^  
[Mn(II)] = 5.0 X 10-3 mol dm-3 
104[surfactant]x 
(mol dm-3) 
0.0 
7.5 
10.0 
12.5 
15.0 
17.5 
20.0 
25.0 
30.0 
35.0 
40.0 
50.0 
70.0 
100.0 
104 k^ (s-1) 
CTAB 
29.9 
32.5 
42.0 
48.5 
51.0 
50.0 
46.5 
42.0 
40.2 
35.0 
32.5 
32.0 
30.5 
30.5 
CPB 
29.9 
32.5 
39.5 
45.0 
49.2 
46.5 
41.9 
37.5 
35.1 
29.0 
28.5 
27.5 
26.5 
26.5 
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TABLE 3.37 
Effect of [surfactant] on pseudo-first-order rate constants for tiie oxidation 
of oxalic acid by chroniium(VI) in the presence of manganese(II). 
Conditions: [Cr(VI)]T = 7.1 x 10-4 mol dm-3 
[oxalic acid]J = 5.7 x 10-2 mol dm^^  
[Mn(n)] = 5.0 X 10-5 mol dm-3 
Temp. = 50 "C 
103[CTAB]T 
(mol dm-3) 
0.0 
0.5 
1.0 
1.5 
2.0 
5.0 
10.0 
15.0 
20.0 
30.0 
40.0 
50.0 
60.0 
104 k^ 
(s-1) 
9.8 
11.0 
13.0 
15.0 
17.1 
23.1 
27.7 
27.0 
25.2 
21.1 
16.5 
15.3 
14.0 
104 [ S D S ] T 
(mol dm-3) 
0.0 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
104 ky 
(s-1) 
9.8 
8.8 
8.6 
8.0 
7.5 
7.2 
6.7 
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TABLE 3.38 
Effect of [surfactant] on pseudo-first-order rate constants for the oxidation 
of citric acid-manganese(II) complex by chromium(VI). 
Conditions: [Cr(VI)]T = 2.8 x 10-4 mol dm-3 
[citric acidjj = 7.0 x 10"2 mol dm"3 
[Mn(II)] = 1.4 X 10-3 mol dm-3 
Temp. = 50 °C 
104[surfactant]T 
(mol dm"3) 
0.0 
0.1 
0.2 
0.5 
1.0 
2.0 
3.0 
5.0 
10.0 
20.0 
30.0 
40.0 
50.0 
80.0 
100.0 
150.0 
10^ k^ ^ (s-1) 
CTAB 
15.3 
15.3 
15.3 
15.3 
12.3 
9.8 
7.5 
6.5 
6.4 
5.0 
4.6 
3.4 
2.6 
CPB 
15.3 
15.3 
15.3 
15.2 
13.8 
10.8 
7.6 
7.2 
6.3 
4.8 
4.4 
4.0 
3.8 
SDS 
15.3 
-
-
-
-
-
-
15.3 
14.9 
15.1 
15.0 
-
15.7 
14.8 
14.3 
14.7 
lO'^kycalCs-
CTAB 
6.3 
6.0 
5.0 
4.3 
3.1 
2.2 
• » ) 
CPB 
7.0 
6.2 
4.5 
4.2 
4.0 
3.4 
107 
0 8 12 16 20 "30 
lO^CSurfactontD-i- (moldm-3) 
5 0 
Fig. 3.7 : Effect of [surfactant] on the k ;^ for the oxidation of 
glycolic acid by chromium(VI). Reaction conditions: 
[glycolic acid] = 0.3 mol dm-3, [Cr(VI)] = 2.8 x 10-4 ^ol 
dm-3, temp. = 50 °C. 
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Fig. 3.8 : Effect of [surfactant] on the k^ for the oxidation of lactic 
acid by chromium(VI). Reaction conditions: [lactic acid] 
= 0.4 mol dm-3, [Cr(VI)] = 2.8 x 10"* mol dm-3, temp. = 
SO '^C. 
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Fig. 3.9 : Efifect of [surfactant] on the k^ j, for the oxidation of maHc acid by 
chromiiim(VI). Reaction conditions: [mahc acid] = 0.35 mol dm-
3, [Cr(VI)] = 2.8 X 10-4 mol dm-3, temp. = 50 °C. 
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Fig. 3.10 : Effect of [surfactant] on the k ,^ for the oxidation of 
tartaric acid by chromium(VI). Reaction conditions: 
[tartaric acid] = 5.7 x 10-2 mol dm-3, [Cr(VI)] = 2.8 x 
10-4 mol dm-3, temp. = 50 °C. 
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Fig. 3.11 : Effect of [surfactant] on the V.^ for the oxidation of 
oxalic acid by chromium(VI). Reaction conditions: 
[oxalic acid] = 5.7 x 10-2 mol dm-3, [Cr(VI)] = 7.1 x 10-4 
mol dm-3, temp.= 50 °C. 
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Fig. 3.12 : Effect of [surfactant] on the k ,^ for the oxidation of 
glycolic acid by chromium(VI) in the presence of 
[Mn(II)] (=1.0 X 10-2 mol dm-3). Reaction conditions: 
[glycolic acid] = 0.3 mol dm-3, [Cr(VI)] = 2.8 x 10-4 
mol dm-3, temp. = 50 °C. 
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Fig. 3.13 : Effect of [surfactant] on the k^ ^ for the oxidation of 
lactic acid by chromium(VI) in the presence of [Mn(II)] 
(=1.0 X 10-2 mol dm-3). Reaction conditions: [lactic 
acid] = 0.4 mol dm-^ [Cr(VI)] = 2.8 x 10-4 mol dm-3, 
temp. = 50 °C. 
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Fig. 3.14 : Effect of [surfactant] on the k ,^ for the oxidation of malic acid 
by chromium(VI) in the presence of [Mn(II)] (=1.0 x 10-3 mol 
dm-3). Reaction conditions: [malic acid] = 0.35 mol dm-3, 
[Cr(VI)] = 2.8 X 10-4 mol dm-3, temp. = 50 °C. 
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Fig. 3.15 ; Effect of [surfactant] on the k^ ^ for the oxidation of 
tartaric acid by chromium(VI) in the presence of [Mn(II)] 
(=5.0 X 10-3 niol dm-3). Reaction conditions: [tartaric 
acid] = 5.7 x 10-2 mol dm-3, [Cr(VI)] = 2.8 x 10-* mol 
dm-3, temp. = 50 °C. 
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Fig. 3.16 : Effect of [surfactant] on the k ,^ for the oxidation of 
oxalic acid by chromium(VI) in the presence of [Mn(II)] 
(=5.0 X 10"5 mol dm"3). Reaction conditions: [oxalic 
acid] = 5.7 x 10-2 mol dm-3, [Cr(VI)] = 7.1 x 10-4 mol 
dm-3, temp.=50 "*C. 
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Fig. 3.17 : Effect of [surfactant] on the k^^, for the oxidation of citric 
acid by chromium(VI). Reaction conditions: [citric acid] 
= 0.3 mol dm-3, [Cr(VI)] = 2.8 x 10-4 mol dm-3, [Mn(II)] 
= 1.4 X 10-3 mol dm-3, temp. = 50 ^C. 
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which is inhibited) while SDS has no effect. The variation of k,j, with 
[surfactant] follows typical pattern in that k^ goes through maximum 
with increasing [surfactant] at constant [reductant]. However, after 
this optimum concentration of CTAB or CPB, the reaction rate 
decrease with both the surfactants. 
Dependence of the Reaction Rate on [Oxidant], [Reductant], 
[Mn(II)] and Temperature in Presence of Surfactants 
The pseudo-first-order rate constants (ky,s-0 for the chromic 
acid oxidation of glycolic, lactic, malic, tartaric, oxalic, and citric 
acids were obtained over a range of [oxidant], [reductant], [Mn(II)], 
and temperature at constant [surfactant]. The values of ky^, are 
summarized in Tables 3.2-3.17, 3.23-3.27 and Figs. 3.18-3.23. The 
order in oxidant and reductant were, respectively, first and second for 
all the acids. Just like in the aqueous medium, the manganese(II) has 
catalytic effect in presence of the surfactants. These observations 
undoubtedly infer that the mechanisms of the reactions in the presence 
of surfactants remain the same as that in the homogeneous aqueous 
medium. 
Salt Effect on the Reaction Rate 
The effect of added salts on the rate were also explored because 
salts, as additives, in micellar systems acquire a special place due to 
their ability to induce structural changes which may, in turn, modify 
the substrate-surfactant interactions. The salt effects on the micelle 
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Fig. 3.18 : Effect of [glycolic acid] and [Mn(II)] on k ,^ SOT the 
oxidation of glycolic acid by chromium(VI) in presence 
of surfactants. Reaction conditions: [Cr(VI)] = 2.8 x 
10-4 mol dm-3, [CTAB] = 10.0 x 10-3 mol dm-3 (O), 
[CPB] = 10.0 X 10-3 mol dm-3 (0)^ [Mn(II)] = 0.0 mol 
dm-3 ( 0 , # ) , [glycolic acid] = 0.4 mol dm-3 ( 0 , # ) , temp. 
= 50°C. Rate accelaration was evident at quite low 
[Mn(II)] (see inset). 
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Fig. 3.19 : Effect of [lactic acid] and [Mn(II)] on k ,^ for the 
oxidation of lactic acid by chromium(VI) in presence of 
surfactants. Reaction conditions: [Cr(VI)] = 2.8 x 10"'* 
mol dm-3, [CTAB] = 10.0 x 10-4 mol dm-3 (O), [CPB] 
= 10.0 X 10-4 mol dm-3 (• ) , [Mn(II)] = 0.0 mol dm-3 
( 0 , # ) , [lactic acid] = 0.4 mol dm-3 ( 0 , # ) , temp. = 
50*'C. 
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Fig. 3.20 : Effect of [malic acid] and [Mn(II)] on k ;^ for the oxidation of 
malic acid by chromium(VI) in presence of surfactants. Reaction 
conditions: [Cr<VI)] = 2.8 x 10^ mol dm-3, [CTAB] = 10.0 x 
10^ mol dm-3 (O), [CPB] = 10.0 x 10-4 mol dm-3 (•), [Mn(n)] 
= 0.0 mol dm-3 (0,#), [malic acid] =0.35 mol dm-3 (0,#), 
temp.=50 °C. 
122 
2 3 4 5 
A e 12 16 20 
lO^CTortaric acid 3 T (rnol dm-3) 
Fig. 3.21 : Effect of [tartaric acid] and [Mn(II)] on k^ j, for the 
oxidation of tartaric acid by chromium(VI) in presence of 
surfactants. Reaction conditions: [Cr(Vl)] = 2.8 x 10"'* 
mol dm-3, [CTAB] = 50.0 x 10-4 mol dm-3 (O), [CPB] = 
50.0 X 10-4 mol dm-3 (#)^ [Mn(II)] = 0.0 mol dm-3 
( 0 , # ) , [tartaric acid] = 5.7 x 10-2 mol dm-3 ( 0 , # ) , 
temp. = 50 °C. 
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Fig. 3.22 : Effect of [oxalic acid] and [Mn(II)] on k^ j, for the 
oxidation of oxalic acid by chromium(VI) in presence of 
surfactant. Reaction conditions: [Cr(VI)] = 7.1 x 10"'* 
mol dm-3, [CTAB] = 10.0 x 10*3 mol dm-3 (O), 
[Mn(II)] = 0.0 mol dni-3 (O), [oxalic acid] = 5.7 x 10-2 
mol dm-3 (O), temp. = 50 °C. 
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Fig. 3.23 : Effect of [citric acid] and [Mn(II)] on k ,^ for the 
oxidation of citric acid by chromium(VI) in presence of 
surfactants. Reaction conditions: [Cr(VI)] = 2.8 x lO"'* 
mol dm-3, [CTAB] = 10.0 x 10-4 mol dm-3 (O), [CPB] = 
10.0 X 10-4 mol dm-3 ( • ) , [Mn(II)] = 1.4 x 10-3 mol 
dm-3 ( 0 , # ) , [citric acid] = 0.30 mol dm-3 (0 ,# ) , temp. 
= 50 °C. 
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catalyzed chromium(VI)-organic acid reactions were studied in the 
presence of CTAB or CPB at 50±0.1 °C. 
The observed data in the presence of inorganic salts (NaCl, 
NaBr, NaNOs and Na2S04) are given in Tables 3.39-3.44 and shown 
graphically in Figs. 3.24-3.29. 
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TABLE 3.39 
Effect of [salt] on pseudo-first-order rate constants for the oxidation of 
glycolic acid by chromiiim(VI) in the presence of surfactants. 
Conditions: [Cr(VI)]x = 2.8 x 10-4 mol dm'^ 
[glycolic acidjj = 0.3 mol dm"^  
[CTABJT = 10 X 10-3 mol dm-3 
[CPB]T = 10 X 10-3 mol dm-3 
Temp. = 50 °C 
102 [salt] 104k^ 
(mol dm-3) CTAB 
0.0 
0.5 
1.0 
2.0 
3.5 
5.0 
7.0 
9.0 
NaBr 
3.9 
3.8 
3.2 
2.7 
2.5 
2.5 
2.3 
2.4 
(s-1) 
NaCl 
3.9 
3.8 
3.5 
3.0 
2.7 
2.6 
2.5 
2.5 
NaN03Na2S04 
3.9 
3.5 
3.0 
2.5 
2.2 
2.2 
2.0 
2.1 
3.9 
3.2 
2.7 
1.8 
1.5 
1.4 
1.4 
1.2 
CPB 
NaBr NaCI 
4.4 
4.0 
3.1 
2.4 
2.2 
2.2 
2.1 
2.5 
4.4 
3.8 
3.4 
2.8 
2.5 
2.4 
2.4 
2.4 
lNaN03Na2S04 
4.4 
3.8 
3.0 
2.3 
2.1 
2.0 
1.9 
1.8 
4.4 
3.2 
2.1 
1.8 
1.6 
1.5 
1.6 
1.5 
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TABLE 3.40 
Effect of [salt] on pseudo-first-order rate constants for the oxidation of lactic 
acid by chromium(VI) in the presence of surfactants. 
Conditions: [Cr(VI)]T = 2.8 x 10-4 mol dm-3 
[lactic acidjj = 0.4 mol dm"^  
[CTABJT = 10 X 10-4 mol dm-3 
[CPBJT = 10 X 10-4 mol dm-3 
Temp. = 50 °C 
102 [salt] 
(mol dm-3) 
0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
7.0 
9.0 
104k^ 
CTAB 
NaBr 
11.8 
11.8 
11.3 
11.2 
11.0 
11.1 
11.2 
11.2 
11.3 
(s-1) 
NaCl 
11.8 
11.5 
11.3 
11.4 
11.7 
11.6 
11.3 
11.5 
11.5 
NaN03 Na2S04 
11.8 
11.8 
11.3 
11.0 
11.2 
10.9 
10.8 
11.2 
11.3 
11.8 
11.4 
11.4 
11.2 
11.1 
11.3 
10.8 
10.8 
11.0 
CPB 
NaBr NaCl 
15.3 
13.8 
13.0 
12.3 
11.6 
11.5 
11.0 
11.0 
10.7 
15.3 
14.0 
13.6 
13.0 
12.5 
11.5 
11.8 
11.7 
11.5 
NaN03 Na2S04 
15.3 
13.5 
11.3 
10.7 
10.8 
10.8 
11.1 
11.0 
10.7 
15.3 
13.0 
11.1 
11.0 
11.1 
10.7 
10.5 
10.0 
10.0 
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TABLE 3.41 
Effect of [salt] on pseudo-first-order rate constants for the oxidation of malic 
acid by chromium(Vl) in the presence of surfactants. 
Conditions: [CT(VI)]J = 2.8 x 10-4 moi ^-3 
[malic acid]T = 0.35 mol dm"^  
[CTABJT = 10 X 10-4 mol dm-3 
[CPBlx = 10 X 10-4 mol dm-3 
Temp. = 50 °C 
102 [salt] 104k^ 
(mol dm-3) CTAB 
0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
7.0 
9.0 
NaBr 
14.2 
12.6 
11.0 
10.0 
9.3 
9.4 
9.2 
9.3 
9.1 
(s-1) 
NaCl 
14.2 
13.6 
12.6 
10.4 
10.0 
9.8 
10.5 
9.6 
9.0 
NaNOs Na2S04 
14.2 
13.0 
12.3 
11.4 
9.2 
8.4 
8.8 
8.0 
7.6 
14.2 
11.4 
10.0 
8.8 
8.6 
8.0 
8.4 
8.0 
8.0 
CPB 
NaBr NaCl 
16.8 
15.0 
13.5 
12.0 
11.6 
11.5 
11.5 
11.2 
11.0 
16.8 
15.6 
14.1 
13.7 
12.0 
11.6 
11.2 
11.0 
10.7 
NaNOs Na2S04 
16.8 
15.0 
13.4 
11.8 
11.8 
10.6 
10.5 
10.2 
10.2 
16.8 
14.0 
11.2 
10.5 
10.2 
10.0 
10.8 
10.0 
9.9 
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TABLE 3.42 
Effect of [salt] on pseudo-first-order rate constants for the oxidation of 
tartaric acid by chromium(VI) in the presence of surfactants. 
Conditions: [Cr(Vl)]T =2.8 x 10-4 mol dm-3 
[tartaric acidjj = 5.7 x 10"2 mol dm"3 
[CTAB]T = 50 X 10-4 mol dm-3 
[CPB]T = 50 X 10-4 mol dm-3 
Temp. = 50 °C 
102 [salt] 104k^ 
(mol dm-3) CTAB 
0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
6.0 
9.0 
NaBr 
20.5 
19.5 
18.3 
16.8 
16.0 
15.2 
14.3 
14.2 
(s-1) 
NaCl 
20.5 
19.5 
19.0 
18.0 
17.0 
16.0 
15.0 
14.5 
NaN03Na2S04 
20.5 
19.0 
17.5 
15.8 
14.8 
14.0 
13.6 
13.5 
20.5 
19.0 
17.0 
15.0 
13.4 
13.0 
12.6 
12.4 
CPB 
NaBr 
17.1 
16.0 
15.4 
14.3 
13.0 
11.9 
11.7 
11.5 
NaCl 
17.1 
16.0 
15.4 
14.3 
13.3 
12.9 
12.5 
12.5 
NaNOs Na2S04 
17.1 
15.6 
15.0 
13.5 
12.5 
11.5 
11.0 
11.0 
17.1 
15.5 
14.4 
15.2 
11.9 
10.9 
10.4 
10.3 
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TABLE 3.43 
Effect of [salt] on pseudo-first-order rate constants for the oxidation of 
oxalic acid by chromium(VI) in the presence of surfactant. 
Conditions: 
102 [salt] 
(mol dm"3) 
0.0 
1.0 
2.0 
3.0 
5.0 
7.0 
9.0 
10.0 
[Cr(VI)]T 
[oxalic acid]7 
[ C T A B ] T 
Temp. 
10%(s-l) 
CTAB 
NaBr 
21.8 
15.3 
11.9 
8.8 
5.8 
3.3 
2.3 
1.8 
= 7.1 
= 5.7 
= 10 
= 50 
xlO-4 
xlO-2 
X 10-3 
°C 
NaCl 
21.8 
13.6 
10.9 
9.2 
7.2 
5.8 
4.8 
5.0 
mol dm-3 
mol dm-3 
mol dm"3 
NaNOa 
21.8 
14.2 
9.8 
8.4 
7.1 
7.1 
6.3 
6.0 
Na2S04 
21.8 
12.0 
8.7 
6.5 
5.8 
2.6 
1.6 
1.3 
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TABLE 3.44 
Effect of [salt] on pseudo-first-order rate constants for the oxidation of citric 
acid-manganese(n) complex by chromium(VI) in the presence of 
surfactants. 
Conditions: 
102 [salt] 
(mol dm"^) 
0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
7.0 
9.0 
[Cr(VI)]T 
[citirc acid]7 
[ C T A B ] T 
[ C P B ] T 
[Mn(II)] 
Temp. 
104k»^  
CTAB 
NaBr 
6.4 
6.3 
6.4 
6.0 
6.6 
6.5 
5.9 
4.9 
5.6 
(s-1) 
NaCl 
6.4 
6.3 
6.2 
6.6 
5.8 
5.7 
5.9 
5.5 
6.0 
= 2.8 X 10-4 mol dm-3 
= 7.0 X 10-2mol dm-3 
= 10 X 10-4 
= 10 X 10-4 
= 1.4x10-3 
= 50°C 
NaNOs Na2S04 
6.4 
6.2 
6.3 
6.0 
5.9 
5.8 
5.6 
4.8 
4.8 
6.4 
6.3 
6.1 
6.0 
6.5 
5.8 
5.5 
4.9 
4.7 
mol dm"3 
mol dm"3 
mol dm-3 
CPB 
NaBr NaClNaNOa Na2S04 
6.3 6.3 
6.2 6.3 
6.4 6.3 
6.4 6.4 
6.1 6.2 
6.3 6.1 
6.0 6.4 
6.2 6.3 
6.1 6.2 
6.3 
6.3 
6.2 
6.2 
6.3 
6.2 
6.2 
6.3 
6.3 
6.3 
6.3 
6.4 
6.2 
6.3 
6.3 
6.4 
6.3 
6.2 
132 
3 6 
102cSaltD(moldm-3) 
Fig. 3.24 : Effect of [NaCl] (O), [NaBr] ( • ) , [NaNOsKA) and [Na2S04] 
(A) on the k,j; for the oxidation of glycolic acid by 
chromium(VI). Reaction conditions: [glycolic acid] = 0.3 mol 
dm-3, [Cr(VI)] = 2.8 x lO'^ mol dm-3, [CTAB] = 10.0 x 10-3 
mol dm-3, [CPB] = 10.0 x 10-3 mol dm-3, temp. = 50 °C. 
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Fig. 3.25 : Effect of [NaCl] (O), [NaBr] ( • ) , [NaNOa] (A) and 
[Na2S04] (A) on the k^ for the oxidation of lactic acid 
by chromium(VI). Reaction conditions: [lactic acid] = 
0.4 mol dm-3, [Cr(VI)] = 2.8 x 10-4 mol dm-3, [CTAB] = 
10.0 X 10-4 mol dm-3, [CPB] = 10.0 x 10-4 mol dm-3, 
temp. = 50 °C. 
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Fig. 3.26 : Effect of [NaCl] (O), [NaBr] (•) , [NaNOs] (A) and [Na2S04] 
(A) on the k ,^ for the oxidation of malic acid by chromium(VI). 
Reaction conditions: [malic acid] = 0.35 mol dm-3, [Cr(VI)] = 
2.8 X 10^ mol dm-3, [CTAB] = 10.0 x 10-4 mol dm-3, [CPB] = 
10.0 X 10-4 mol dm-3, temp. = 50 °C. 
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Fig. 3.27 : Effect of [NaCI] (O), [NaBr] ( • ) , [NaNOs] (A) and 
[Na2S04] ( • ) on the ky^, for the oxidation of tartaric acid 
by chromium(VI). Reaction conditions, [tartaric acid] = 
5.7 X 10-2 mol dm-3, [Cr(VI)] = 2.8 x 10-4 mo] dm-3, 
[CTAB] = 50.0 X 10-4 mol dm-3, [CPB] = 50.0 x 10-4 
mol dm-3, temp. = 50 °C. 
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Fig. 3.28 : Effect of [NaCl].(0), [NaBr] ( • ) , [NaNOg] (A) and 
[Na2S04] (A.) on the ky^, for the oxidation of oxalic acid 
by chromium(VI). Reaction conditions: [oxalic acid] = 
=5.7 X 10-2 mol dm-3, [Cr(VI)] = 7.1 x 10-4 mol dm-3, 
[CTAB] = lO.O X 10-3 mol dm-3, temp. = 50 °C. 
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Fig. 3.29 : Effect of [NaCl] (O), [NaBr] ( • ) , [NaNOs] (A) and 
[Na2S04] (A) on the k^ ^ for the oxidation of citric acid 
by chrornium(VI). Reaction conditions: [citric acid] = 
0.3 mol dm-3, [Cr(Vl)] = 2.8 x 10-4 mol dm-3, [Mn(II)] 
= 1.4 X 10-3 mol dm-3), [CTAB] = 10.0 x 10-4 mol dm-3, 
[CPB] =10.0 X 10-4 mol dm-3, temp. = 50 °C. 
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B. DISCUSSION 
The coordination chemistry of chromium has provided a fertile 
ground for making a vast majority of kinetic investigations.The 
kinetics of chromic acid oxidation of organic substrates in 
conventional aqueous medium has been studied under varying 
conditions. It is known that chromium(VI) on oxidation with organic 
reductants produce a purple colored product, i.e., aquachromium(III) 
ion or its complex with the reductant. Pioneering and incisive studies 
by Westheimer, Wiberg and Rocek have provided much of our 
understanding of the pathways of reactions. The chromate-ester 
mechanism of the oxidation has been placed on firm grounds. 
Before attempting to propose a mechanism of chromic acid 
oxidations of the organic acids used in the present studies, it is 
necessary to discuss the species of chromium(VI) existing under the 
experimental conditions. The chromic acid participates in acid-base 
equilibria (3.2), (3.3) and (3.4) : 
H2Cr04 ^ HCr04- + H"^  (3.2) 
HCr04- ^ Cr042- + H ^ (3.3) 
2 H C r 0 4 - ^ = ^ Cr2072-+ H2O (3> )^ 
Dissociation of chromic acid depends upon the pH of the reaction 
medium. In basic solutions (pH > 6.0), Cr042- (yellow) exists as 
major species. At pH 2.0 - 6.0, HCr04- and Cr2072- (orange red) exist 
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in equilibrium. In a strong acid medium (pH < I), H2Cr04 is the 
major existing species. It has been reported243 that at concentrations 
greater than 0.05 mol dm-3, the dichromate ion and its protonated 
form are the predominant species. At dilute solutions (as in the 
present case), the monomeric form predominates. In the present 
investigations, the pH of the working solutions has been ~ 2.0 and 
under this condition the active^'*^ and reactive oxidizing species is 
HCr04" and there is no chromium(VI) in the form of H2Cr04 or 
Cr042-. 
Based on the results and the structures of the reductants used in 
the present investigations, the discussion on kinetics and mechanism 
of oxidations are divided into four parts. 
(i) Oxidation of GIvcolic Acid by Chromium(VI> 
It is only with glycolic acid that a first order dependence on 
[reductant] (both in the presence and absence of manganese(II)) was 
observed; this being the reason of discussing it separately. 
A knowledge of the reactive form of the reductant is necessary 
for interpretation of the data. It was observed that the pH of the 
reaction mixture containing chromium(VI) ( = 2.8 x 10-4 mol dm-3) 
and over the whole range of glycolic acid ( = 0.2 to 0.92 mol dm-3) 
remained constant (~ 2.0). In this medium, the unionized form of 
glycolic acid is predominant and may be the reactive species 
HO-CH2-COOH ^ = ^ HO-CH2-COO + H+ (3 5) 
(Ka= 1.5 x 10-4) 
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With decrease in [H"*"] ( increase in pH), the forward reaction is 
favored, thereby increas ing the concentration of H O - C H 2 - C O O ' 
which may not be a react ive species. 
All the resul ts presented in Tables 3.2, 3.7, 3 .12, 3.18 and 3.23 
and Fig. 3.1 a l low us to propose the following mechanism: 
*^ es - II 
HCr04 + H O - C H - C O O H ^=:=± Q - C r - O - C H 5 - C O O H + H<,0 
I II "^  -^  
H 0 
(A) (B) (as) 
k'lXpathn 
O 
CKffl) +CO2+ CH2O Cr(IV)+ H-C-COOH 
CH20+Cr(VI) -^ HCOOH + Cr(V) CT(JV) + B ^ Ci(m) + 0 ^ 0 + COOH 
COOH + Ct(VI)—> Cr(V)+ CO2 
CKIV) + B ^ Ci<III) + HOOCftl 
Scheme - 3.1 
141 
In Scheme- 3.1, paths I and II represent a one-step three-electron and 
one-step two-electron transfers, respectively. Path II results in the 
formation of chromium(IV), which can be demonstrated by the 
addition of manganese(II). Generally, the addition leads to a 
decreased oxidation rate because manganese(II) removes the 
chromium(IV) formed. The observed positive catalytic effect (vide 
supra) rules out the possibility of formation of chromium(IV) in the 
rate-determining step. Thus, we may safely conclude that the 
oxidation of glycolic acid by chromium(VI) follows a one-step three-
electron transfer mechanism (path I). This is in agreement with the 
suggestions of Haight e/ a/. ^ 58 
To explain the one-step three-electron oxidation path proposed 
in Scheme-3.1, the oxidation was performed in the presence of 
manganese(II). The addition of manganese(II) generally leads to a 
decreased oxidation rate because it removes the chromium(IV) formed 
in the process. Interestingly, the oxidation rate of glycolic acid by 
chromium(VI) increased by the addition of manganese(II) (Table 3.12, 
Fig. 3.1), ruling out the possibility of formation of chromium(IV) via 
one-step two-electron transfer in the rate determining step. 
In presence of manganese(II), the proposed mechanism is, 
therefore, modified as Scheme - 3.2. 
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Ki + 
HO-CH2COOH + Mn(n) ^= i=^ H0-CH2C00-Mn(II)1 + H"^  
(CI) 
O 
Cl + HCr04 ^ 0-Cr-0-CH2C00—Mn(n) I + HjO 
(C2) 
C2 -2 > CTQS) +CH2O+ CO2+ MnOE) 
2 Mn(III) + 2 H2O > Mn02 + Mn(II) + 4 H"^  
(radical CH2O follows the same reactions as shown in Scheme -3.1) 
Scheme - 3.2 
Direct reduction of chromium(VI) by manganese(II) is 
thennodynamically unfavorable^^S. Therefore, the reaction is 
proposed to proceed through the formation of a termolecular complex 
with HCr04", glycolic acid and Mn(II). This is indicative of 
Michaelis-Menten behavior (vide supra). 
The rate laws that can be derived from the proposed 
mechanisms are: 
^obs ~ ^1 ^ es [glycolic acid] (in the absence of Mn(II)) (3.6) 
= k2Ki Kii [glycolic acid][Mn(II)] (in the presence of Mn(II)) (3.7) 
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The observed variations of ko^s with [glycolic acid] and [Mn(II)] are 
compatible with eqs. (3.6) and (3.7). 
Analysis of observed data: k^- [surfactant] 
The reaction of HCr04" and glycolic acid is catalyzed by 
cationic micelles of CTAB and CPB (Fig. 3.7), suggesting that 
HCr04" binds to cationic micelles despite the insufficient 
hydrophobic character. In aqueous solution, HCr04" has one 
absorption maxima at 350 nm. A change in X^ax ^^^ 350 to 360 nm 
was observed in the presence of > 10"* mol dm"^ CTAB or CPB. This 
indicates binding between HCr04" and positive head groups of 
cationic micelles. The binding constant (Kg) of HCr04' to the 
micelles was determined spectroscopically. This method requires that 
the substrate has different absorbance in water and in the micelles. 
Increase in absorbance at 360 nm with increase in [CTAB] or [CPB] 
from 0.0 to 9.0 x lO"^ mol dm"^  was observed and the binding 
constants were calculated by Bunton's method246 which were 1412 
and 108 mol"^ dm^ for CTAB and CPB, respectively. The associated 
HCr04' may exist either inside the Stem layer or at the interface 
between micellar surface and the bulk solvent. Cordes247 reviewed 
that the activity of water at the surface of ionic micelles is not very 
different from that of the bulk solvent. In terms of these findings it is 
confirmed that HCr04' molecules exist at the micellar surface than 
the Stem layer because the water activity decreases with increasing 
distance from the exterior to the interior region of the Stem layer. 
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The extent of incorporation and association of a compound at 
the surface or Stem-layer of micelles depends upon the electrostatic 
and hydrophobic nature of the substrate. Out of these two factors, 
electrostatic forces are less important than the hydrophobic ones. 
Glycolic acid (HO-CH2-COOH) neither has hydrophobic group nor 
electrostatic moiety (vide supra). Therefore, it may not be 
unreasonable to assume that the micellar catalyzed reaction between 
HCr04" and HOCH2COOH probably occurs at the interfacial region 
of Gouy-Chapman and Stem layers. Only a few reports have so far 
appeared which reveal the occurence of some reactions at the 
junctural region of Stem and Gouy-Chapman layers2'*8,249 and some 
cross micellar reactions (the bimolecular reactions which occur 
between a micellized and a nonmicellized reactant)250-252 n niay be 
further argued that the reaction passes through chromic-ester 
formation from associated HCr04" and the -OH group of glycolic 
acid: this being the main cause for the incorporation of both reactants 
in the same region across the micellar boundary. 
To see the effect of cationic surfactants on the oxidation path 
of the HCr04" and glycolic acid, the reaction was carried out under 
pseudo-first-order conditions of [glycolic acid] » [HCr04"] as a 
function of [HCr04'], [Mn(II)], [glycolic acid] and temperature at 
constant [surfactant] ( = 10.0 x 10-3 mol dm-3). The values 
incorporated in Tables 3.2, 3.7, 3.12 and 3.23 show that the order 
each in [Cr(Vl)], [Mn(II)], and [glycolic acid] is the same (Fig. 3.18) 
as observed in the absence of micelles (Fig. 3.1). Although it has been 
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shown that micelles can cause a change in aqueous reaction 
mechanism253^ the aqueous and micellar mediated oxidation of 
glycolic acid by HCr04' followed the same mechanisms (Schemes -
3.1 and-3.2). 
The oxidative cleavage of glycolic acid by HCr04" in the 
presence of micelles may be easily discussed in terms of the micellar 
pseudophase model. The reaction scheme for the oxidation, in the 
presence of cationic micelles, may be given as shown below 
(HCrO;)^ + D„ ^ z ^ (HCr04), 
m 
(HCr04)^ ^ > Products 
(HCr04)n^ ^ > Products 
Scheme - 3.3 
where the subscripts w and m denote HCr04' in water and the 
micelles, respectively, and [DQ] = [surfactant]-cmc. The observed 
rate law, y =k^ ^ [Cr(VI)]7, and Scheme - 3.3 yield eq. (3.8). 
K + k^Ks [DJ 
1 + Ks [D„] 
^ = (3.8) 
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Eq. (3.8) can be rearranged to give eq. (3.9) which may be used to 
(3.9) 
(K - ky) (k^ - km) (k^ - kn,)Ks [D„] 
calculate Ks and k^ . According to eq. (3.9), the plot of l/(k^. - k,^) 
V5. l/[Dn] should be linear. The plot of k^ j, vs. [surfactant] showed a 
maximum (Fig. 3.7), implying that the model (one reactant into the 
micellar phase^^) jg inadequate for the present reaction. However, 
eq. (3.8) may also be modified to eq. (3.10) which can be used to treat 
the data and cmc and K^ can be calculated. (The value of k,n is 
assumed to be given by the value of kyj, at the maximum of the k^ -
[surfactant] profile254), 
= Ks [surfactant] - Ks cmc (3.10) 
(ky - km) 
The plot of (k^ - k^ ,,) / ( k^ -^ k^,) vs. [surfactant] is linear for both the 
surfactants CTAB and CPB. However, this equation is useful only to 
explain the rate constants in the steeply rising part of the 
ky - [surfactant] profile because there is large uncertainty in the value 
of left-hand side of the eq. (3.10) when k^ j, a k^ or k^ * k^. 
The ky - [surfactant] profile shows a maximum which is a 
characteristic of a bimolecular reaction^^. Hence the presence of 
. glycolic acid at the surface of micelles cannot be completely ruled 
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out. The distribution of glycolic acid in micellar and aqueous 
pseudophases is as follows: 
KN (H0-CH2-C00H)vv + D„ ^ = = (H0-CH2-C00H)„ (311) 
which can be fitted to a mass action model as 
[(AUl 
KN = (3.12) 
[(A)w] ([D„] - [(A)^]) 
which can be written as 
KN[(A)m]2 - (KN[D„] + KN[A]T + 1) [ (A)J + KN [ D J [A]T = 0 
(3.13) 
We estimated the values of K^, Kg and k^ with the help of a 
computer program (using cmc = 6.5 x 10^^ and 5.7 x 10-^ mol dm-3 
for CTAB and CPB, respectively) developed for eq. (3.13); the values 
are summarized in Table 3.45. To confirm the validity of rate eq. 
(3.8), the rate constants were calculated by substituting the values of 
kn, and Kg in eq.(3.8) and comparing with the observed k ,^- values. 
The close agreement between the observed and calculated values 
(Table 3.28) provides supporting evidence. 
148 
TABLE 3.45 
Values of different parameters (cmc, Ks, K^, kn^  and k ^ ) for the 
oxidation of glycolic acid by chromium(VI) in the presence of 
surfactants. 
Conditions: [Cr(VI)]T = 2.8 x 10-^  mol dm-3 
[glycolic acidJT =0.3 moldm"^ 
Temp. = 50 °C 
Parameters surfactant 
CTAB CPB 
lO^cmc (mol dm-3)^ 
Ks (mol-1 dm3) 
KN (mol-l dm3) 
103 k„ (s-l) 
104kJ,(mol-ldm3s-l)^ 
6.5 
52 
29 
1.3 
1.8 
5.7 
42 
6 
2.4 
3.5 
^conductimetrically determined values ([Cr(VI)]T = [glycolic acidjj = 
1.0 X 10-5 mol dm-3). 
*'second-order rate constants ( k ^ ) are based on the relation: 
-2 = k V 
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(ii) Oxidation of Lactic. Malic. Tartaric and Oxalic Acids bv 
Chroniiuni(Vl) 
As regards the kinetic behavior of these organic acids, it is 
same as compared to glycolic except on one count: the order with 
respect to [reductant] was second in the absence of nianganese(U) 
which shifted to first in presence of the latter. 
Taking cognizance of what has been discussed for glycolic acid 
and the experimental observations (Tables 3.3-3.6, 3.8-3.11, 3.13-
3.16, 3.19-3.22; Figs. 3.2-3.5) the mechanisms of chromic acid 
oxidation of the above reductants in the absence and presence of 
manganese(II) can be given, respectively, as Schemes - 3.4 and - 3.5: 
K ^ 
HCr64 + HO-(J :H~COOH ^ = ^ b -Cr -0-CH-COOH 
R O 1^  
(A) (B) (esl) 
R 
^e^i - ??/0-CH-COOH 
esl + B ^ = 1 ^ ^ 0-Crt: 
r^ t>- rH-C00H 
R 
(es2) 
HO 
R 
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es2 '^ > Cr(III) + Radical + products 
Radical + Cr(VI) M > Cr(V) + products 
Cr(V) + B f^ st ^ Cr(III) + products 
Scheme - 3.4 
Mn(n) + HO-CH-COOH ^ = t ± HO-CH-COO—Mnl 
R R 
(CI) 
K il + 
CI + HCrO/ ^ = ± 0-Cr-O-CH-COO—MJ 
^ ^ II I 
O R 
(C2) 
C2 ? > Cr(m) + Mn(ra) + Radical + products 
Radical + Cr(VI) _^L^ Cr(V) + products 
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Cr(V) + B ———> Cr(ffl) + products 
2 Mn(III) + 2 HjO > MnOj + Mn(II) + 4H'*" 
Scheme - 3.5 
(R, radicals and products for the different acids are, respectively 
—CH3 CH3-C—COOH, pyruvic acid (Mn(II) absent) or acetaldehyde 
OH 
(Mn(II) present) and CO2 — lactic acid; 
-C%<:OOH, COOH, malonic acid and CO2 —malic acid; 
-CH-COOH, COOH, glyoxalic acid and CO2 — tartaric acid). 
OH 
For oxalic acid, which is structurally different than the above a-
hydroxy acids (as it does not contain -OH group), the first two steps 
in each mechanism can be written as: 
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II '^ esl - II II 
HCr04 + HO-C-COOH ^ = ^ 0 - C r - O - C - C O O H 
O 
(A) (B) (esl) 
O 
esl + B -^  ^ 0-C;^ 
HO 0 - C -COOH 
II 
O 
(es2) 
0 ^ 0 
II KT II ^• 
Mn(n) + HO-C-COOH ^ HO-C-COO—Mn' 
(CI) 
K 
O O 
n - II II w i 
^^-^ O-Tr—O-C-COO—Mnl 
+ 
(CI) + HCr04" ^ ^ 0-Cr-O-C-COO-
0 
(C2) 
Further, the radical formed is COOH and, therefore, the product is 
CO2 only. 
The rate enhancements observed in the presence of 
manganese(II) are in consonance with the proposed mechanism 
(Scheme - 3.5). 
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As already metioned, the kinetics is different in the absence of 
manganese(II). In case of malic, tartaric, and oxalic acids the 
second-order kinetics with respect to these reductants shifted to first-
order in the presence of manganese(II). In case of lactic acid, the 
oxidation rate increased with [manganese(ll)] with a tendency to 
attain a limiting value at high [manganese(II)] and the plot of koi,s V5. 
[Mn(II)] yielded a curve of concave nature (facing down - Fig. 3.2). 
However, at fixed concentrations of these reductants, plots of l/kobg 
vs. l/[Mn(II)] were linear making an intercept on the y-axis; thus 
satisfying the Michaelis-Menten reciprocal relationship (kinetic proof 
for complex formation). Hence, complex formation between chromic 
acid, reductant, and manganese(II) occurs initially. 
The rate equation that can be derived from the proposed 
mechanism (Scheme - 3.4) is as follows: 
-d[HCr04']/dt = kiKesiKes2[HCr04"][reductant]2[H+] 
[HCr04']T = [HCr04"] + [esl] 
= [HCr04'] (I + Kesi[reductant]) 
kj Kes 1 Kes2[reductant]2[H+][HCr04"]T 
-d[HCr04-]/dt = (3.14) 
(1 + Kgsi [reductant]) 
Since 1 » Kgsi [reductant], eq. (3.14 ), on comparison with (3.1), 
gives 
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kobs = kiKesiKes2[reductant]2 (3.15) 
According to eq. (3.15 ), plot of kobs/[reductant] vs. [reductant] at 
constant [H+] should yield a straight line with a slope = kiKesiKes2 if 
the Scheme - 3.4 mechanism is correct. The linearity obtained in case 
of lactic, malic, tartaric, and oxalic acids (Figs. 3.30-3.33) supports 
validity of the proposed mechanism. 
Based on the Scheme - 3.5 mechanism, the equation for ko^ g is 
kobs= k2KnKi[reductant][Mn(II)] (3.16) 
which predicts first-order both in [reductant] and [Mn(II)]; this has 
indeed been found the case with each reductant. 
Let us now take into account the kinetic data obtained in 
micellar systems. The pseudo-first-order rate constants, k^ i^ ^ were 
found to be independent on [Cr(VI)]T and vary in a manner similar to 
that of aqueous medium with [reductant]T and [Mn(II)]T. These 
results are summarized in Tables 3.3-3.6, 3.8-3.11 and 3.13-3.16 and 
Figs. 3.19-3.22 which show that the mechanism operative in the 
aqueous medium is being followed in the CTAB and CPB micellar 
media too. 
The k - [surfactant] profiles show positive catalysis (Figs. 3.8-
3.11) which may be explained, as before, in terms of the micellar 
pseudophase model (Scheme - 3.3) developed by Menger and 
Portnoy92 and modified by Bunton and his coworkers^^2 j ^ e 
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2 3 ^ 
JOCLocticocid D (mol dm-3) 
Fig. 3.30 : Plot showing the dependence of kobs/[lactic acid] on 
lactic acid concentration. Reaction conditions: [Cr(VI)] 
= 2.8 X 10-4 mol dm-3, temp. = 50 °C. 
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2 3 A 
I O C M Q U C Qcid 3 ( m o l d m - 3 ) 
Fig. 3.31 : Plot showing the dependence of koi,s/[i^al*c acid] on 
malic acid concentration. Reaction conditions: [Cr(VI)] 
= 2.8 X 10-4 mol dm-3, temp. = 50 °C. 
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4 6 6 10 
10 CTortaricocid 3 (mol d m - 3 ) 
Fig. 3.32 : Plot showing the dependence of kobs/[tartaric acid] on 
tartaric acid concentration. Reaction conditions. 
[Cr(VI)] = 2.8 X 10-4 mol dm-3, temp. = 50 °C. 
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2 A 6 8 
lOCOxalicQcIdD (fnoldm-3) 
Fig. 3.33 : Plot showing the dependence of koi,s/[oxalic acid] on 
oxalic acid concentration. Reaction conditions: [Cr(VI)] 
= 7.1 X 10-4 mol dm-3, temp. = 50 °C. 
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assumptions involved in this model and its advantages and 
disadvantages are critically discussed by Bunton^. 
As the catalysis was observed at [CTAB] or [CPB] considerably 
below the cmc (Figs. 3.8-3.11), it was necessary to measure the cmc 
under conditions corresponding more closely to those used in the 
kinetic runs. Therefore, considering that k^, increases by increasing 
[CTAB] or [CPB] before a determined [CTAB] or [CPB] close to the 
cmc and decreases with increasing [CTAB] or [CPB] after that 
concentration, it is obvious that the reaction is affected in some way 
by the micelle formation process. Broxton255 method can, therefore, 
be used to determine the cmc of the working CTAB or CPB solution. 
In this method, the point of intersection of two linear parts of k^ vs. 
[CTAB] or [CPB] drawn (Figs. 3.34-3.36) just below and above the 
cmc gives the value of kinetic cmc. The values are recorded in Tables 
3.46, 3.47 and 3.49. It is interesting to note that cmc values obtained 
from this method are not significantly different from the 
corresponding values obtained by the conductimetric method. 
The experimental results in CTAB and CPB can be fitted to eq. 
(3.8), (3.12) and (3.13) using cmc values recorded in Tables 3.46-3.49 
and determining Ks, K^ and km by computer program. The values of 
parameters that best fit the experimental results are also summarized 
in Tables 3.46-3.49. As before, k ,^ and k^^ cai show close agreement. 
160 
8 12 16 
10^CSurfQctont3(mol dm-3 ) 
20 
Fig. 3.34 : Determination of cmc under experimental kinetic 
conditions by Broxton method; CTAB (O), CPB(#). 
Reaction conditions: [lactic acid] = 0.4 mol dm-3, 
[Cr(VI)] = 2.8 X 10-4 mol dm-3, temp. = 50 "C. 
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oo 5.0 laO 15.0 200 
lO^CSurfactont D ( m o l d m - 3 ) 
Fig. 335 : Determination of cmc under experimental kinetic conditions by 
Broxton method; CTAB (O), CPB(#). Reaction conditions: 
[malic acid] = 0.35 mol dm-3, [Cr(VI)] =2.8 x 10-4 mol dm-3, 
temp.=50 °C. 
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20.0 -
A.O 8.0 12.0 16.0 
10^CCTAB3(moJ dm-3) 
20.0 
Fig. 3.36 : Determination of cmc under experimental kinetic 
conditions by Broxton method; CTAB (O). Reaction 
conditions: [oxalic acid] = 5.7 x 10'^ mol dm-^, [Cr(Vl)] 
= 7.1 X 10-4 mol dm-3, temp. = 50 °C. 
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TABLE 3.46 
Values of different parameters (cmc. Kg, K^, k^ and k ^ ) for the 
oxidation of lactic acid by chromium(VI) in the presence of 
surfactants. 
Conditions: [Cr{V\)\i = 2.8 x 10-4 ^ol dm-3 
[lactic acidJx = 0.4 mol dm"^  
Temp. = 50 "C 
Parameters surfactant 
CTAB CPB 
lO^cmc (mol dm-3)a 
Ks (mol-1 dm3) 
KN (mol-1 dm3) 
102kn,(s-l) 
103k^(mol-ldm3s-l)*' 
5.6 
(7.5) 
102 
3 
1.2 
1.7 
6.0 
(6.9) 
262 
1 
4.4 
6.2 
obtained under the kinetic conditions by using Broxton's method; 
conductimetrically determined values are given in parentheses 
([Cr(VI)]T = [lactic acidlj = 1.0 x 10-5 mol dm-3). 
*>second-order rate constants ( k ^ ) are based on the relation: 
ir2 = I, Y 
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TABLE 3.47 
Values of different parameters (cmc, Ks, K]sj, k^ and k^^) for the 
oxidation of malic acid by chromium(VI) in the presence of 
surfactants. 
Conditions: [Cr(VI)]T = 2.8 x 10-4 mol dm-3 
[malic acidJx = 0.35 mol dm"^  
Temp. = 50 °C 
Parameters surfactant 
CTAB CPB 
lO^cmc (mol dm"^)* 
Ks (mol-1 dm3) 
KN (mol-1 dm3) 
102 k„ (s-l) 
103kJ,(mol-ldm3s-0^ 
7.5 
(6.0) 
22 
3 
4.7 
6.5 
7.3 
(6.7) 
121 
2 
4.3 
6.0 
s'obtained under the kinetic conditions by using Broxton's method; 
conductimetrically determined values are given in parentheses 
([Cr(VI)]T = [malic acidly = 1.0 x 10-5 mol dm-3). 
^Jsecond-order rate constants (k^ ) are based on the relation: 
k^ = k V 
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TABLE 3.48 
Values of different parameters (cmc. Kg, K ,^ k^ and kn )^ for the 
oxidation of tartaric acid by chromium(VI) in the presence of 
surfactants. 
Conditions: [Cr(VI) ]j = 2.8 x 10-4 mol dm-3 
[tartaric acid]j = 5.7 x 10-2 mol dm'^  
Temp. = 50 °C 
Parameters surfactant 
CTAB CPB 
104 cmc (mol dm-3)a 
Ks (mol-1 dm3) 
KN (mol-1 dm3) 
103km(s-l) 
104kJ,(moI-ldm3s-.l)b 
6.5 
(13.2) 
422 
67 
4.0 
5.6 
6.7 
(10.3) 
172 
70 
4.9 
6.9 
aconductimetrically determined values ([Cr(VI)]T = [tartaric acidjj = 
1.0 X 10-5 niol dm-3), literature values are given in parentheses. 
^second-order rate constants (k^) are based on the relation: 
k^  = k V 
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TABLE 3.49 
Values of different parameters (cmc, Ks, K^, ^m and k^^) for the 
oxidation of oxalic acid by chromium(VI) in the presence of 
surfactants. 
Conditions: [Cr(VI)]T = 7.1 x 10-4 mol dm-3 
[oxalic acidjj =5.7 x 10-2 mol dm-^  
Temp. = 50 °C 
Parameters surfactant 
CTAB 
8.6 
(6.6) 
462 
87 
1.2 
1.7 
104 cmc (mol dm-3)* 
Ks (mol-1 dm3) 
KN (mol-» dm3) 
102 k„ (s-l) 
103k^(mol-ldm3s-»)b 
^obtained under the kinetic conditions by using Broxton's method; 
conducti-metrically determined value are given in parentheses 
([Cr(VI)]T = [oxalic acidjj = 1.0 x 10-5 mol dm-3). 
bsecond-order rate constant ( k ^ ) is based on the relation: 
lr2 = 1^  .Y 
'm *^m *m 
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Head group effect 
While considering the effect of micelle on the rate of a 
reaction many factors should be considered other than the 
concentration and/or ionic nature. For similar type of micelles alkyl 
chain-length of the hydrophobic part and nature of the head group 
have equally important roles to play. Here alkyl chain-length is same 
in both the cases, i.e., CTAB and CPB. Therefore, the only factors left 
is the nature of head groups that can produce difference in micellar 
kinetic effect. This may be due to the fact that the head group size of 
surfactants is one of the factors that governs the morphology of the 
surfactant monomers into a micelle, if so, it is expected a difference 
of packing in the case of CPB and CTAB. Another factor is the 
presence of pyridinium ring in CPB due to which charge 
delocalization together with less charge shielding will take place in 
comparison to CTAB. These factors undoubtedly affect the 
interactions with reactant molecules and consequently, the rates of 
overall reactions are different. 
Temperature effect 
Catalysts provide a new reaction path which has low activation 
energy than the uncatalyzed reaction. As compared to aqueous, the 
activation energy (Ea ) values in CTAB and CPB decrease in the 
order aqueous >CTAB> CPB (Tables 3.23-3.27). This may be due to 
the fact that CPB shows stronger catalytic effect than CTAB 
(Figs.3.7-3.11). A comparison of AS values for aqueous medium 
168 
with that in surfactants (CTAB and CPB) shows that entropy of 
activation in aqueous medium is much less negative meaning that the 
intermediate complex (the chromate-ester) is relatively labile in the 
micellar media to undergo easy fragmentation resulting in the 
products. 
Leffer and Grunwald256 have pointed out that many reactions 
show an isokinetic relationship; AH* = C + B AS*. We also obtained 
fairly linear AH* vs. AS* plots (Figs. 3.37 and 3.38), (compensation 
temperatures, B = 357 K(CTAB), 345 (CPB); r = 0.992 (CTAB), 
0.993 (CPB)) for the reduction of chromium(VI) by organic acids 
(glycolic, lactic, malic, tartaric and oxalic). This linearity indicates 
that the kinetic of the reaction of chromium(VI) oxidation of each 
reductant followed the same reaction mechanism in the presence of 
cationic micelles (CTAB or CPB). 
Salt effect 
Figs. 3.24-3.28 show that the kinetic salt effects for the 
reactions under study are negative for all electrolytes. The observed 
rate constants depend on the nature of the anions. Each anion is an 
inhibitor and the inhibitory power increases in the order: NO3 > Br > 
2 -CI . It is difficult to place SO4 in this sequence because it has two 
negative charges. Addition of Na2S04 brought about a substantial 
decrease in rate while NaNOs showed the highest inhibiting effect in 
the uni-univalent category. Added salts are known to increase the 
aggregation number, reduce the catalytic efficiency of the surfactant. 
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Fig. 3.37 : Isokinetic relationship, AH* v-s. AS*, for the reduction of 
chromium(VI) by organic acids in the presence of CTAB. 
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Fig. 3.38 : Isokinetic relationship, AH* vs. AS#, for the reduction of 
chromium(Vl) by organic acids in the presence of CPB. 
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and decrease the number of micelles. The size and shape of micelles 
also change in presence of added electrolytes. However, based on the 
viscosity data (Table 2.3) we can safely rule out occurrence of any 
micellar shape/size changes by salt addition. Our kinetic salt effects 
thus suggest that some additional factors than changes in micellar size 
and shape are involved in the present system. Also, a possible role 
played by the nature of the reactants cannot be completely ruled out in 
discussing the effect of salts; their exclusion from the micellar phase 
by electrolytes may depend upon the nature of reactants257-259 J\^Q 
inhibitory effect may thus, in part, be due to the 
exclusion/destabilization of estf r from the reaction site. 
General 
The second-order rate constants, k^ (unit in s' ), are calculated 
by taking concentration as a mole ratio. These constants cannot be 
compared directly with kw in water for which the concentration is 
specified as molarity (unit of k^ in mol' dm^ s'' ). They can be 
compared by assuming a volume element of reaction in the micellar 
pseudophase and estimating the molarity of the reagent. The 
conversion of the units of k^ could be carried out by taking the molar 
volume of the micelles as the volume element of reaction (Vm)260 
The second-order rate constant, k2'", is then given by 
k2'"=k„^.V„ (3,7) 
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The values of kj"", calculated by using V„ = 0.14 dm^ mol-1 for 
CTAB261 and CPB are given in Tables 3.45-3.49. 
It is widely accepted233 that redox reactions of alcohols, oxalic 
acid and a-hydroxy acids with chromium(VI) have a characteristic of 
an ester-like species formation. Stability and reducing properties of 
such species depend upon the nature of the reductant as well as the 
side-chain of the species 
O 
b-Cr-O-R 
II 
O 
o 
(R =-(CH2)n-CH3 -C-COQH and -CH(R)-COOH for alcohols, 
oxalic acid and a-hydroxy acids, respectively). A group which is 
electron donating will increase the ease of protonation of the species 
but decrease the tendency of the chromium(VI) species to accept 
electrons from the reducing agent and electron-withdrawing groups 
have the opposite effect. Therefore, the decreasing order of side-chain 
O 
(R) in the above species is -C-COOH > -CH(CH3)-C00H > 
—CH(H)—COOH for oxalic, lactic and glycolic acids, respectively. 
This has been found to be the case (Table 3.50). Thus, it may be 
concluded that the presence of -COOH (electron withdrawing) 
increases the tendency of chromium(VI) to accept the electron from 
the side-chain of the ester species. The overall rate-enhancement is 
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TABLE - 3.50 
Comparison among the oxidation rates of different reductants in the 
absence and presence of cationic micelles at 50 °C. 
Reductant 104 ^ ^^ (s-l) at 
[Mn(n)] (mol dm-3) 
104k^(s-I) 
0.0 10.0 X 10-2 CTAB CPB 
COOH^ 
I 
COOH 
6.8 
CHj-CH-COOH^ 9.5 
OH 
H-CH-COOH*^ 1.5 
OH 
CttrCOOH 0.0 
I ^ 
CHjCOOH 
HO-CH-COOH*' 8.1 
CHj-COOH 
12.0 
17.5 
3.2 
0.0 
53.2 
10.0 
11.2 
3.0 
0.0 
14.2 
15.3 
4.4 
0.0 
16.8 
HO-CH-COOH® 13.6 
I 
HO-CH-COOH 
38.5 20.5 17.1 
a[oxaIic acid] = 5.7 x 10-2 mol dm-3, [chromium(VI) =7.1 x 10-^ mol 
dm-3, [surfactant] = 10 x 10-4 mol dm-3. ^[lactic acid] = 0.4 mol dm-
3, [chromium(VI) =2.8 x 10-4 mol dm-3, [surfactant] =10x10-4 mol 
dm-3. c[glycolic acid] = 0.3 mol dm-3, [chromium(VI) =2.8 x 10-4 
mol dm-3, [surfactant] = 10 x 10-3 mol dm-3. d[malic acid] = 0.35 
mol dm-3, [chromium(VI) =2.8 x 10-4 mol dm-3, [surfactant] = 10 x 
10-4 mol dm-3. e[tartaric acid] = 5.7 x 10-2 mol dm-3, [chromium(VI) 
=2.8 X 10-4 mol dm-3, [surfactant] = 50 x 10-4 mol dm-3. 
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due to the presence of -COOH group despite the electronegative 
character of this group which should have reduced the activity of the 
alcoholic group towards oxidation. The reducing property of oxalic 
acid > lactic acid > glycolic acid (Table 3.50). Thus, we can safely 
conclude that presence of -CH3 and -H in case of lactic and glycolic 
acids, respectively, at the site appears to inhibit but not totally 
prevent the oxidation. 
Interestingly, the same sequence of reactivity of these acids is 
found in presence of cationic surfactants. Chromium(VI) forms an 
ion-pair with the positive head groups of CTAB and CPB micelles. 
Therefore, associated HCr04' , due to the characteristic of ester 
formation, forms a complex with the reductant. Ultimately the 
effective concentrations of hydrophilic molecules (oxalic, lactic or 
glycolic acids) increase in the Stem-layer or at the junction of the 
Stem and Gouy-Chapman layers. 
As malic and tartaric acids contain two carboxylic groups with 
hydroxy groups, their relative activities can be considered in view of 
the suggestion of Rocek's group that oxidation of alcohols are 
accelerated by the presence of carboxylic group despite the 
electronegative chararter of this group which should have reduced the 
activity of the alcoholic group towards oxidation. An attempt to 
oxidize succinic (a dicarboxylic acid with no -OH) by chromium(VI) 
at 50 °C failed, even on prolonged incubation ([Cr(VI) = 7.1 x 10-^ 
mol dm-3, [succinic acid]=5.7x10-2 mol dm-^). On the contrary (see 
Table 3.50), presence of the one and two -OH groups in malic and 
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tartaric acids, respectively, not only made the reactions possible but, 
as expected, the reducing power was found as: tartaric > malic. It 
seems that the presence of -OH group(s) increases the 
escaping/reducing tendency of carboxyl groups. Therefore, tartaric 
acid has greater tendency to reduce chromium(VI) in comparison to 
malic and succinic acids. 
Reactions in the presence of anionic SDS micelles 
The anionic SDS surfactant neither catalyzed nor inhibited the 
chromium(VI) oxidations of any of the acids (Figs. 3.7- 3.9, 3.11-
3.14, 3.16, 3.17). The observation is not unexpected—anionic 
micelles, simply based on electrostatic considerations, will repel the 
reactive form of the oxidant, i.e. HCr04"» and the bulk reactions 
remain unaffected262 
(Hi) Oxidation of Citric Acid bv Chromium(Vl) 
Citric acid is a special acid in that it has a tertiary -OH group 
in addition to three -CO2H groups. In effect, the carbon skeleton of 
this acid is difficult to oxidize compared to other a-hydroxy 
acidsl45,17l,l93,l94,20,244,263.264 Therefore, the choice of the best 
conditions for the kinetic experiments was a crucial problem that we 
address first. In order to examine the effects of varying the [Cr(VI)] 
and [citric acid], experiments were tried at constant [Cr(VI)] = 2.8 x 
10-4 mol dm-3 and [citric acid] = 0.07 mol dm-3 ; the absorbance of 
chromium(VI) did not change with time. Therefore, to test our 
previous observations265^ the effect of adding manganese(II) chloride 
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to the reaction mixture containing chromium(VI) (2.8 x 10-'* mol 
dm-3 ) and citric acid (0.07 mol dm'^) was seen; the absorbance did 
change and resulted in a notable increase in the reaction rate. The 
reaction was sensitive even to quite small concentrations of 
manganese(ll): a concentration of 5 x lO"'* mol dm-3 was enough to 
catalyze the reaction. On the basis of these observations we 
concluded that there is no reaction in the absence of manganese(II) 
under our experimental conditions (i.e., [Cr(VI)] = 2.8 x lO-^ mol 
dm-3 and [citric acid] = 0.07 mol dm-^). All the kinetic runs were, 
therefore, carried out in presence of manganese(II) only which 
indicates that citric acid-manganese(II) complex behaves as a 
reductant. This observation can be taken as a proof of mechanisms 
given under Schemes 3.2 and 3.5 in which it is proposed that the 
Mn(ll)-reductant complexation precedes the termolecular complex 
formation. 
Under kinetic conditions used here ([citric acid]= 0.05 mol 
dm-3, [Cr(VI)]=2.8 x 10-4 mol dm-3, temp=50 °C), the reaction 
product [chromium(III)] has no absorbance in the UV-Vis range. 
Therefore, the spectrum of the reaction mixture was recorded at 
different time intervals (Fig.2.6) in the presence of a higher 
concentration of chromium(VI) which is an absorbing species. The 
characteristic d-d bands of chromium(III), were observed at X^ax = 
410 and 570 nm. Unlike Hamm ?/.240, vve find no shift to shorter 
wave-lengths. Thus, aquachrc...ium(lll) ion is confirmed as the 
product under the conditions of this work. 
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Reaction in absence of surfactants 
The effect of manganese(II) on the oxidation rate was studied in 
the presence of 0.5 x 10-3 to 11.4 x 10-3 mol dm-3 manganese(II) at 
constant concentrations of chromium(VI) (2.8 x 10-^  mol dm-3) and 
citric acid (0.07 mol dm-3). The rate data are presented in Table 3.17 . 
A plot of kobs vs. [Mn(II)] yielded a concave curve (Fig. 3.6) and the 
double-reciprocal plot of kgbs and [Mn(II)] was linear with a positive 
intercept and positive slope. Such a plot is indicative of Michaelis-
Menten catalysis. Hence complex formation between citric acid-
manganese(II) and chromium(VI) occurs initially. 
Table 3.17 also records ko^g values obtained over a range of 
[Cr(VI)] and fixed [citric acid] (0.07 mol dm-3 ), [Mn(II)] (1.4 x 10-3 
mol dm-3) and temperature (50 ''C). The pseudo-first- order plot was 
linear parallel to abscissa which shows that the reaction is first-order 
in [Cr(VI)]T. 
The effect of varying [citric acid] upon the oxidation rate was 
studied within the [citric acid] range 0.3 x 10-1 to 7.0 x 10-^  mol dm-3 
at 50 °C in the presence of 1.4 x 10-3 mol dm-3 manganese(II) and 2.8 
x 10-^ mol dm-3 chromium(VI). The observed pseudo-first-order rate 
constants are summarized in Table 3.17. Plot of kgbs ^s- [citric acid] 
was a curve passing through the origin and, as expected, kobg-^  
against [citric acid]-* plot resulted in a straight line. 
Induced oxidation by manganese(II) has been used to trap 
chromium(IV). It is expected that oxidation rate would decrease by 
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50% in presence of manganese(II) if chromium(IV) is formed as an 
intermediate * * .^ According to our results, the reduction would follow 
the sequence chromium(VI) - • chromium(III) without passing through 
chromium(IV) as an intermediate. It is thus evident that 
chromium(VI)-citric acid-manganese(II) complex would decompose 
in the rate determining step involving three-electron exchange in one-
step. Hence oxidation pathway, as before, can be depicted as follows 
(Scheme - 3.6): 
CH2COOH 
MnD + HO-c-coOH 
CHjCOOH 
(A) 
,^I 
CH-,COOH 
 — I " 
HO-C-COO---Mnl + H"^  
CHjCOOH 
(CI) 
C l + 0 - C r O H ^ = ^ 0-Ci-0-C-COO---Mn + HjO 
" O CH2COOH 
(C2) 
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CH2COOH 
C2 -?^2-^ Cr(III) + Un(JS) + COO + C= O 
CH2COOH 
(D) 
C06+HCr04^as^ CKVHCO. 
Cr(V) +A - ^ Cr(III) +CO2+ D 
2 Mn(III) + 2 H2O > Mn(n) + Mn02 + 4 H"^  
Scheme - 3.6 
According to Scheme - 3.6, the overall reaction rate is given by eq. 
(3.18), 
kobs= k2K„[Cl]/( l+K„[Cl]) (3.18) 
which can be rewritten as (3.19) 
l/kobs=l/k2 +l /k2Kn[Cl] (3.19) 
This clearly explains the Michaelis-Menten kinetic behavior. 
Reaction in presence of surfactants 
The effect of varying surfactant concentrations upon the rates 
of chromic acid oxidation of citric acid were studied at constant 
[citric acid] (0.07 mol dm-3), [Mn(Il)] (1.4 x 10-3 mol dm-3) and 
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temperature (50 °C). The observed pseudo-first-order rate constants, 
ky, are summarized in Table 3.38. The k ,^ are also shown graphically 
in Fig. 3.17 as rate-constant—[surfactant] profiles. The observed 
data reveal nearly 7-fold decrease in k,^  with increase in [CTABJx 
from 0.0 to 5.0 x lO'^ mol dm-^ at constant citric acid and 
manganese(ll) concentrations. Similar observations were obtained in 
the presence of 0,0 to 5,0 x 10-3 niol dm-3 CPB, but there is only 
about 5- fold decrease in k^,. 
To see the effects of [citric acid], [Mn(II)], [Cr(VI)], 
temperature and to confirm the mechanism of aqueous media, a series 
of kinetic runs were carried out in the presence of constant [CTAB] 
(=10.0 X 10-4 mol dm-3) or [CPB] (=10.0 x 10*4 mol dm-3). The k ,^ 
values as a function of different variables are summarized in Table 
3.17. The behavior upon variation of [Mn(ll)] and [citric acid] were 
found to be identical (Figs. 3.6 and 3.23) in the presence and absence 
of surfactants (CTAB or CPB), which clearly indicates that the same 
mechanism265 (one-step three-electron oxidation) is being followed in 
both the media i.e. aqueous and in presence of surfactants (Scheme -
3.6). 
The kinetic runs, carried out within the 40-70 °C range in the 
presence and absence of surfactants, were used to calculate the 
activation parameters AH^ and AS* (Table 3.17). The magnitudes of 
AH* and AS* are not different in CTAB or CPB micelles; this shows 
that the same mechanism is being followed in both the surfactants. On 
the other hand, the AS* value decreased by ca. 170 JK-l mol-^ in 
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aqueous medium. Therefore, the transition state is obviously more 
stabilized in this medium. 
The k^-values remained unchanged with the change in 
[CTAB]T or [CPBJT from 0.0 to 5.0 x 10-5 moi dm-3 at 1.4 x 10*3 mol 
dm-3 manganese(II) and 0.07 mol dm-^ citric acid. This shows that, 
under such conditions, CTAB or CPB has no significant effect 
because these concentrations are much lower than their cmc values. 
Therefore, in the present study, we require the exact value of the cmc. 
A conductimetric method was used to evaluate the cmc of both 
surfactants. Unfortunately, our attempt to observe breaks in plots of 
equivalent conductance vs. [surfactant] under the kinetic conditions of 
[citric acid] = 0.07 mol dm-3, [Cr(VI)] = 2.8 x 10-^ mol dm-3 was 
unsuccessful, probably due to large [reductant]. Therefore, cmc was 
determined at low reactant concentrations and the values are given in 
Table 2.2. A literature search35'266,267 revealed significant variation 
in the reported cmc values (0.8 x 10-^ - 9.0 x lO'^ mol dm-3) for 
CTAB which has been attributed to the dependence of the cmc upon 
the ionic-strength of the medium and the nature of substrate. To 
confirm the observed values of cmc, the graphical kinetic method of 
Broxton255 for determining the cmc under the typical kinetic reaction 
conditions was once again used. The application of this method is 
shown in Fig. 3.39. These results, shown in Table 3.51, are not 
significantly different from those obtained by the conductimetric 
technique. 
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A 0.0 
lO^CSurfQCtQnt3^(moldm~3) 
Fig. 3.39 : Determination of cmc under experimental conditions by 
Broxton method; CTAB (O), CPB ( • ) , Reaction 
conditions: [citric acid] = 0.3 mol dm-3, [Cr(VI)] = 2.8 x 
10-4 mol dm-3, [Mn(II)] =1.4 x 10-3 mol dm-3), temp. = 
50 °C. 
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TABLE 3.51 
Values of different parameters (cmc. Kg and K^) for the oxidation of 
citric acid-manganese(II) complex by chromium(VI) in the presence of 
surfactants. 
Conditions: [Cr(vi) IT 
[citric acid]x 
[Mn(n)] 
Temp. 
= 2.8 X 10-4 mol dm-3 
= 7.0 X 10-2 mol dm-3 
= 1.4 X 10-3 moldm-3 
= 50°C 
Parameters surfactant 
CTAB CPB 
104 cmc (mol dm-3)a 
Ks (mol-1 dm3) 
KN (mol-i dm3) 
3.0 
(4.1) 
670 
8 
3.0 
(5.2) 
122 
8 
obtained under the kinetic conditions by using Broxton's method; conducti-
metrically determined values are given in parentheses ([Cr(VI)]j = [citric 
acid]x = 1.0 X 10-5 mol dm-3). 
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From the present data, one can obtain a preliminary picture of 
the reaction sites. The key facts are: (i) the reaction proceeds more 
slowly in the micellar phase than in the bulk phase (aqueous phase), 
(ii) the cationic surfactants cause a considerable decrease in the rate 
constant (> 5-fold) (iii) only one reactant (Cr(VI)) proceeds towards 
cationic micellar phase. The second reactant (citric acid-Mn(II) 
complex) has a positive charge, therefore (because of repulsion), it 
exists only in the water phase. 
The observed inhibitory effect of CTAB or CPB on k j^, (Table 
3.38 and Fig. 3.17) may be explained in terms of the Menger-Portnoy 
model^^ which takes into consideration solubilization of one reactant 
only into the micellar phase. But, as before, no linearity was observed 
between l/(k^ - k^) and l/[Dn] implying that the model is 
inadequate. As the rate was observed to decrease monotonically in 
presence of micelles, km was neglected in the Scheme - 3.3 which 
resulted in Equation (3.18 ): 
1 1 Ks ([D] - cmc) 
+ (3.18) 
*^\j/ K ^ Ky^ 
The results obtained in the presence of CTAB or CPB were analyzed 
using Eq. (3.18 ). Slopes of the straight lines of the plots between 
1/k^ vs. ([D] - cmc) thus obtained give the Kg values (Table 3.51). 
Sufficiently large Kg values suggest that the reactant, HCr04", is 
strongly bound to the micellar phase, as can be expected from 
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electrostatic considerations. It is this removal of chromic acid species 
from the aqueous phase (into the micellar pseudophase) that produces 
retardation with increasing [surfactant]. 
Added salts inhibit the micellar catalysis which is a general 
phenomenon. The inhibition has been explained by assuming that a 
counter ion competes with an ionic reactant (e.g., OH", H3O"'', X~) for 
a site on the ionic micelle. Electrolytes increase the aggregation 
number, decrease the cmc, and cause the shape of the micelle to 
change from spherical toward rod like, but this does not appear to be 
of overriding importance because added salts do not markedly affect 
solubility in aqueous surfactants. 
We have observed a significant exception to this behavior. The 
redox reaction between chromium(VI) and citric acid in presence of 
manganese(II) is markedly inhibited by CTAB or CPB micelles. The 
added salts (NaBr, NaCl, NaNOs, and Na2S04) have no effect on the 
reaction rate (Table 3.44). Presumably, a strong association between 
HCr04" and the positive head groups of CTAB micelles makes it 
more difficult for the counter ions to exclude HCr04" . On the other 
hand, the reaction mixture already has a large number of ions (K"*", 
Mn'*"'', CI", Br"). In the present situation, exclusion of reactive species 
by added salts is not possible. Our salt effect was seen at much lower 
concentrations than that of 0.2 mol dm'^ used by Anacker and 
Ghose268, suggesting that more than mere changes in micellar size 
and shape are involved in these salt effects. 
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(i\) Oxidations in Microemulsion 
During the chromic acid oxidation of glycolic, lactic, malic 
tartaric and oxalic acids, it was observed that cationic micelles 
(CTAB and CPB) catalyze the reactions while anionic micelles (SDS) 
have no effect. On the other hand, it was also found that reaction 
mixtures containing chromium(VI) (= 1.4 x lO""* mol dm^^) and 
cationic surfactant ( = 5.0 x 10-4 mol dm-^) became turbid at room 
temperature. The reaction mixtures became clear (turbidity disappear) 
at higher temperatures(~40°C). Therefore, all the kinetic data reported 
so far were acquired at temperatures > 40 °C. Our idea was to study 
the chromic acid oxidation of these reductants in microemulsion 
systems. It is well known that microemulsion droplets can be 
considered as a microreactor where certain chemical reactions take 
place within the very small domain provided by the droplets. 
Generally, o/w and w/o microemulsion systems have been used to 
investigate the reactions. In this regard, and taking into account the 
solubility problems found at room temperature in the study of chromic 
acid oxidation of these reductants in cationic micellar solutions, a w/o 
microemulsion system consisting of water/heptane/CTAB/pentanol 
was chosen to perform the experiments. The choice of CTAB as 
surfactant was based on the fact that, among other advantages, it is the 
most frequently used surfactant for model investigations. 
The rate constant (k^) data for the reaction HCr04" + reductant 
in microemulsions are recorded in Table 3.52. The values are higher 
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TABLE 3. 52 
Pseudo-first-order (k,,,) and second-order rate constants (k\j,) for the 
reaction HCrO/ + reductant in CTAB-heptane-pentanol-water micro-
emulsion of different composition at 30 °C^ 
Reductantb 104k^(s-l) 10k'^,(mol-l dm3s-l) 
Glycolic acid 
Lactic acid 
Malic acid 
Tartaric acid 
Oxalic acid 
Citric acid 
R=10 
1.2 
0.6 
1.3 
6.1 
33.7 
2.5 
R=15 
1.0 
0.4 
1.1 
5.3 
30.0 
turbid 
R=20 
turbid 
turbid 
turbid 
turbid 
turbid 
turbid 
R=10 
1.2 
0.6 
1.3 
6.1 
33.7 
2.5 
R=15 
1.0 
0.4 
l.I 
5.3 
30.0 
turbid 
^[oxidant] = 1.0 x 10-4 mol dm-3 
*>[reductantl = 1.0 x 10-3 mol dm-3 
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TABLE 3. 53 
Pseudo-first-order (ko^s) and second-order rate constants (k'obs) ^o^ 
the reaction HCrO/^ reductant in aqueous-acid media at room 
temperature. 
Reductanta Medium^ Temp. lO^kobs 10^ k'obs Ref. 
(°C) (s"0 (mol-l dm3 s-^ 
Glycolic acid 
(1.45 X 10-3) 
Lactic acid 
(1.5 X 10-2) 
Malic acid 
(1.4 X 10-2) 
HCIO4, 
0.06 
Acetic acid, 
10% 
Acetic acid, 
10% 
Tartaric acid HCIO4, 
(10.6x10-2) 1,0 
Oxalic acid 
(1.3 X 10-2) 
HCIO4, 
0.09 
25 
25 
25 
22 
25 
0.086 0.59 
2.3 
2.5 
2.6 
1.54 
1.78 
0.24 
0.17 0.13 
171 
263 
263 
269 
192 
^concentrations (mol dm-3 or %) are given in parentheses. 
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in comparison to that obtained in the conventional aqueous 
mediuml71,192,263,269 (Table 3.53). On the other hand, k ,^ decreases 
(for the same amount of surfactant in the system) when the molar ratio 
R( = [H20]/[CTAB]) increases. 
The positive catalytic effect of cationic micelles revealed that 
the oxidation of organic reductants by chromium(VI) probably occurs 
at the interfacial region. The anionic reactant, HCr04', will be 
attracted by the positively charged head of the cationic micelles 
(CTAB/CPB). At the same time, reductants are highly soluble in 
water. Therefore, water droplets of the microemulsion try to 
concentrate both the reactants in a very small volume of water(pool). 
Ultimately, the reaction rate increases in the microemulsion system. 
Unfortunately, we have no data of the rate constants in presence of 
cationic micelles at room temperature (30 °C) because the reaction 
mixtures were turbid at lower temperatures (vide supra). As can be 
seen in Table 3.52, the reaction rate decreases upon increasing the R 
and the mixture became turbid as the R was increased upto 20. 
Unfortunately, more data could not be obtained due to problems of 
stability of w/o microemulsion with higher R in the presence of 
reactants. 
As to the influence of molar ratio (R) on the ky^  at constant 
[CTAB], it is convenient to point out that observations are the result 
of at least two factors. The first is the dilution of the reactants in the 
aqueous phase when R increases, and the second is related to the 
possible topological changes in the w/o microemulsion by changing R. 
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We did not succeed to investigate the effect of second factor as the 
unstability of the system hampered the studies at higher R values. 
Table 3.52 also shows the values of the second-order rate constants, 
k'^, for different reductants at different values of R. The k\^-values 
show a rate enhancement when compared with the reactivity of the 
same reactants at room temperature with or without an additional acid 
like acetic or perchloric^^^'1^3'263,269 This comparison shows a rate 
enhancement in w/o microemulsion. We can also correct for the 
dilution effect by referring the reactant concentrations to the aqueous 
phase and not to the entire volume of microemulsion. This correction 
seems reasonable in such cases if the ionic nature of the reactants is 
taken into account. It also seems logical to expect that the reaction 
would take place in the aqueous core of the droplets and, therefore, 
the concentrations of oxidant and reductant should be referred to this 
medium. However, we have not corrected our data for the above due 
to lack of experimental points and only mentioned another possible 
way to calculate the rate constants. 
The results embodied in this part , at least, show that the 
chromic acid oxidation of organic acids, which does not take place at 
the room temperature under the conditions used herein, can be made 
possible in microemulsions: this may be attributed to the 
extraordinary influence towards reaction equilibria and reaction 
dynamics under compartmentalized conditions. 
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